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ABSTRACT 
Forces between molecularly smooth mica surfaces immersed in a 
variety of liquids have been measured. In Chapter 3, the results of 
such measurements with the non-polar liquids cyclohexane, benzene, 
tetrachloromethane, octamethylcyclotetrasiloxane, n-octane and 2,2,4-
, 
trirnethylpentane are presented. In the first four liquids, whose 
V 
molecules are compact and fairly rigid, the force at small separations 
is a decaying oscillatory function of surface separation, with a 
periodicity roughly equal to the mean molecular diameter and a 
measurable range of about ten periods. Beyond this separation the 
force merges into an attractive force consistent with the predictions 
of continuum Lifshitz theory. Inn-octane and 2,2,4-trimethylpentane, 
whose molecules are flexible, there are only a few (1-4) oscillations 
and at larger separations the force is attractive. 
In Chapter 4, the effect of small amounts· of dissolved water on 
the forces in these liquids is investigated. The presence of trace 
amounts of water leads to a reduction in the range and magnitude of 
the oscillatory salvation forces, but the adhesion at contact is 
greatly increased. At concentrations close to saturation, 
condensation of bulk water around the mica surfaces in contact takes 
place and this is analogous to capillary condensation from under-
saturated vapour. 
Chapter 5 contains results of measurements in polar liquids, with 
and without added electrolyte. Propylene carbonate, acetone and 
methanol show oscillatory salvation forces at small surface 
separations, similar to those encountered in non-polar liquids. There 
are long-range repulsive forces, well described by the sum of a 
continuum van der Waals force calculated from Lifshitz theory and a 
double-layer force obtained from numerica l solutions to the non-linear 
Poisson-Boltzmann equation. The double-layer forces and the solvation 
forces are approximately additive at small surface separations. 
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1.1 INTRODUCTION 
CHAPTER 1 
BACKGROUND 
The stability of colloidal dispersions is determined by the 
forces acting between the surfaces of the particles, and such surface 
forces are also of· great importance in areas such as contact 
mechanics, the study of friction and lubrication, cell biology and 
soil science as well as being of fundamental interest in chemistry and 
physics. The impetus for much of the theoretical work on surface 
forces has come from colloid and surface science, where an accurate 
knowledge of these forces is required to explain a number of diverse 
phenomena, including the flocculation of dispersions, the wetting and 
spreading behaviour of liquid films, the spontaneous swelling of clays 
and the adhesion between solid bodies. While a great deal of 
theoretical as well as indirect experimental work on surface forces 
has been done over the last eighty years, it is only comparatively 
recently that accurate measurements of these forces have been 
performed. 
Considerable success in explaining colloid stability has been 
achieved by DLVO theory, due to independent contributions by Derjaguin 
and Landau [l] and Verwey and Overbeek [2]. This theory treats the 
force between colloidal particles as the sum of an attractive van der 
Waals interaction and a repulsion due to overlap of electrical double 
layers, and is based on earlier ideas by Kallman and Willstatter [3], 
Hamaker [4] and Langmuir [5]. The original aim of DLVO theory was to 
rationalize observations on the dependence of flocculation and 
stability of dilute aqueous dispersions on the electrolyte 
concentration, and although it is only in the last few years that it 
has been satisfactorily verified by direct force measurements in 
aqueous solutions [6], it has been known for some time to give 
accurate stability predictions for a variety of disperse systemsc 
There are, however, a number of systems for which DLVO theory fails. 
Examples are the spontaneous swelling of montmorillonite in 
electrolyte solutions (7] and the coagulation behaviour of latices in 
high salt (8]. This is not surprising - DLVO theory is a continuum 
theory in that both the van der Waals and the double-layer 
contribution to the force treat the liquid as a structureless medium, 
characterized by bulk properties like the dielectric constant or 
refractive index. While it is accurate in the long-range regime and 
2 
thus able to correctly predict many features of colloid stability, it 
is fairly obvious that such a theory must ultimately break down as the 
surface separation approaches molecular dimensions. 
It is convenient to divide the total force Ft between surfaces in 
liquids into three contributions 
( 1 .1) 
where F VdW is the van der Waals force, F EDL is the force due to the 
overlap of electrical double layers and FSTR is a term to account for 
"structural" or solvent-induced contributions to the force. The first 
two terms are thus the forces considered in DLVO theory, and the third 
contribution gives an indication of deviations from this theory. At 
surface separations large compared to molecular dimensions F is 
' STR 
negligible [9], although there are persistent claims to the contrary 
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[10-12], but whether or not the three contributions to the force are 
truly additive, especially in the short-range regime, is an open 
question. In the above, forces due to adsorbed polymer layers (steric 
forces) have been neglected and will not be considered in this thesis. 
In the following sections van der Waals forces (1.2), electrical 
double-layer forces (1.3) and forces due to solvent structure (1.4) 
will be briefly considered, after which an outline of the present work 
will be given (1.5). 
1.2 VAN DER WAALS FORCES 
Between any two surfaces in a medium or vacuum a long-range 
force, the van der Waals or dispersion force, operates. For two 
similar surfaces this force is always attractive and it arises from 
correlations between electronic fluctuations of the constituent atoms 
of the different media. In colloid science, two approaches for 
dealing quantitatively with these forces have been used, the 
microscopic approach of Hamaker (13] and de Boer (14] and the 
macroscopic one of Lifshitz and co-workers (15]. In the former one 
sums the interactions between individual atoms, given by the London 
attractive force [16], over the macroscopic domain of the interacting 
surfaces and the method is thus based on an assumption of pairwise 
additivity of atomic interactions - a very tenuous assumption when 
dealing with condensed media. For the energy E(D) of interaction per 
unit area between two semi-infinite half-spaces across a vacuum one 
obtains the relation 
E(D) = -A /12 TID2 1 1 
with the corresponding attractive force F(D) given by 
( 1. 2) 
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( 1. 3) 
where Dis the surface separation and A11 is the Hamaker constant, 
which depends on the polarizabilities of the individual atoms or 
molecules and the density. Similar formulae can be derived for 
interacting surfaces in a variety of configurations, including multi-
layered systems [17]. 
The fundamental objection to the microscopic approach is that it 
neglects many-body forces, but it is also customary to neglect 
contributions from permanent dipoles and assume that the atomic 
polarizabilities are determined by the dielectric behaviour in the 
ultraviolet, which leads to further problems for some systems. Also, 
no account of retardation effects is taken and this will lead to 
significant error when the Hamaker constant is used to obtain forces 
or energies at large surface separations. 
To include the effect of an intervening medium one must assume 
some geometric mean relationship for the Hamaker constants, again 
based on pairwise additivity, of the form 
(1.4) 
where A212 is the Hamaker constant for two surfaces of medium 2 
interacting across medium 1 and A11 ,A22 are the Hamaker constants for 
media 1 and 2 respectively interacting across vacuum. 
The macroscopic approach due to Lifshitz is a continuum theory 
and as such overcomes the difficulty with an intervening medium, and 
the effects of many-body forces, dipolar contributions and retardation 
are automatically included. The free energy of interaction between 
two semi-infinite half-spaces across a medium is calculated by summing 
contributions from surface modes, i.e. those modes of fluctuating 
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polarization that are affected by the interfaces between the phases 
(media). Due to retardation effects, the Hamaker constant becomes a 
Hamaker function, dependent on the distance, and the energy of 
interaction is not a simple l/D 2 relation. For a brief discussion of 
the Lifshitz formulae and their practical use, see the Appendix at the 
end of this thesis. Expressions for the energy of interaction between 
surfaces in various configurations have been derived [18,19], and 
alternative, si~pler derivations of the non-retarded approximation to 
the Lifshitz theory have been presented [20]. 
The sole limitation of this continuum (macroscopic) approach is 
that the dimensions of the bodies must be large compared to 
interatomic distances [15]. The theory will therefore inevitably fail 
in the short-distance regime, at least for the case of condensed 
media, and even in vacuum or rarefied media (gases at low pressure) 
the position of the interfaces becomes an uncertain parameter at small 
surface separations. In order to use Lifshitz theory to, for example, 
predict contact adhesions one must introduce some rather arbitrary 
"cut-off" distance, in other words define the distance of closest 
approach as some finite value. 
A number of experimental measurements have confirmed the validity 
of Lifshitz theory for several different systems. Sabisky and 
Anderson [21] found that the thickness of helium films on alkaline 
earth fluorides was in good agreement with theoretical predictions, 
and Brooks et al. [22] obtained values for the thickness of swollen 
bilayers consistent with Lifshitz theory. Direct measurements of the 
force between mica surfaces in air by Tabor and Winterton [23], 
Israelachvili and Tabor (24] and Coakley and Tabor (25] gave quite 
good agreement with theory, although the forces were consistently 
somewhat larger and retardation effects were smaller than expected. 
Possible reasons for this discrepancy have been discussed by White et 
al. [26]. 
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For solid-liquid-solid systems there has to date been only one 
test of Lifshitz theory in a non-aqueous liquid, that of Klein [27], 
who found reasonable agreement with non-retarded theory for the forces 
between mica surfaces in cyclohexane containing water (see Section 
3.2). The values obtained by Israelachvili and Adams [6] for the van 
der Waals forces in strong electrolytes at surface separations above 5 
nm (where the double-layer force is negligible) are also in reasonable 
agreement with theory, although the experimental measurements were not 
compared with the complete (retarded) Lifshitz expression. Rabinovich 
et al. [28] have likewise measured forces in strong electrolyte 
solutions in good agreement with theory, but the inevitable effect of 
surface roughness of the glass filaments used in these experiments was 
not considered. All these results, however, were obtained at 
comparatively large surface separations, beyond 10-15 molecular 
diameters of the liquid. 
At small surface separations in the non-polar liquid octamethyl-
cyclotetrasiloxane [29] Lifshitz theory is unable to account for the 
measured force, and in order to explain the results one must leave the 
domain of continuum theory and turn to results from liquid-state 
physics, where solvent structure is explicitly considered (see Section 
1.4). 
1.3 ELECTRICAL DOUBLE-LAYER FORCES 
At the interface between two phases a charge may develop 
spontaneously if one of the phases contains ionizable groups or if 
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there is a difference in the affinity of the two phases for ions. For 
the case of a solid in a liquid this results in a diffuse double 
layer, where one layer of charge is located in a plane at or close to 
the interface in the solid, and the second layer of opposite charge is 
distributed throughout the liquid, but with the greatest concentration 
of charge close to the solid surface. The theory of the electrical 
double layer was developed independently by Gouy [30] and Chapman 
[ 31] • 
In the Gouy-Chapman model of the electrical double layer the ions 
are regarded as point charges, the surface charge is assumed to be 
uniformly smeared out with a surface potential of Wo and the 
permittivity of the liquid is taken as a constant. The electrostatics 
of the system is described by Poisson's equation (in SI units) 
div(grad W) = -p/s , (1.5) 
where pis the charge density in the liquid, s the static permittivity 
of the liquid and W the potential. In order to solve equation (1.5) 
for the potential, one needs to know the distribution of charge (ions) 
in the liquid. For the one-dimensional case (i.e. away from a plane 
Ul ~ fo be. 
or around a spherical surface) the distribution G-a.a be :writtett ~ a 
<:L" &.·t-r·,·lo U.. ft'OVL 
simple Boltzmann Q~Yatii.sn 
n. = n. o exp(-z.eW/kT), 
l l J.. 
( 1. 6) 
where n. is the local concentration of an ion of charge z. (with sign) 
J.. l 
and n ° is the bulk concentration (at an "infinite" distance from the 
i 
surface, where W must equal zero). Pis thus simply equal to L n.z.e i l l 
and the complete equation, obtained by combining (1.5) and (1.6) 
becomes, for the planar case, 
d2 l/J = 
dx 2 -; ~ n. 0 z.e exp(-z.el/J /kT) c.. • l l l l 
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(1.7) 
This is the non-linear Poisson-Boltzmann equation for a single, planar 
double layer and its solution is given implicitly by 
tanh(zelJ;/4kT) = tanh(zel/J 0 /4kT) exp(-Kx), (1.8) 
where 
K = ( 1. 9) 
and z is the modulus of the valency of the counterions. K- 1 is the 
Debye length, and as can be seen, _its value decreases with increasing 
ionic concentration and valency, and increases with incr~asing value 
of the dielectric constant. 
Equation (1.8) is strictly speaking correct only for a 
symmetrical electrolyte, but, at high potentials, most of the excess 
charge in the double layer results from the accumulation of 
counterions (and not the expulsion of co-ions) and it is possible to 
treat an unsymmetric electrolyte as symmetrical with the valency equal 
to that of the counterions [2]. The reason for this is readily seen 
from equation (1.6). 
To see the effect on the potential of the Debye length, it is 
more instructive to examine an approximate solution, obtained by 
linearizing equation (1.7). Expanding the exponential in a power 
series and retaining only the first two terms yields an equation which 
has the solution 
l/J = ljJ O exp ( -Kx) . (1.10) 
This is the Debye-Hiickel approximation and it embodies the important 
features of the complete solution (1.8). As can be seen, the 
I ........ 
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potential decays exponentially away from the surface, with a decay 
length equal to K- 1 • Because K-l decreases with increasing 
electrolyte concentration, the potential falls more rapidly away from 
the surface at higher electrolyte concentrations - referred to as 
"compression of the double layer". 
The surface charge 0 must balance the charge in the adjacent 
solution and this electroneutrality condition gives 
0 = Joo pdx = S J
00 [~J dx = 
dx 2 J 
0 0 
s [~) 
dx x=O 
(1.11) 
Using equation (1.6) integrated once, this gives (for a symmetrical 
electrolyte where n. 0 = n °) 
l 
(1.12) 
and, since K- 1 is proportional to the square root of the permittivity, 
it follows that for the same surface charge, the potential will be 
higher the lower the dielectric permittivity. 
When two charged surfaces approach each other, the resulting 
overlap of the double layers will lead to a repulsive force between 
the surfaces. This force may be thought of as an osmotic pressure 
effect due to the enhanced concentration of counterions between the 
surfaces. To obtain the force, one must solve the Poisson-Boltzmann 
equation with modified boundary conditions. 
For flat plates, with the substitutions X = KX and Y = ze~/kT the 
non-linear Poisson-Boltzmann equation for a symmetrical electrolyte 
becomes [32] 
= sinh Y . 
Integrating once with the boundary conditions dY/dX = 
(1.13) 
0 and Y = Y in 
m 
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the midplane (equidistant from the surfaces with identical surface 
potentials) this gives 
!-,; dY 
dX 
2 
= -(2coshY - 2coshY ) sgn (Y ) • (1.14) 
m m 
A further integration leads to elliptic integrals and a numerical 
solution must be attempted. The final solution depends on the 
boundary conditions invoked; viz. constant surface charge, constant 
surface potenti~l or the physically more realistic case of charge 
regulation [33,34]. In this latter case, neither charge nor potential 
remain constant during the interaction of the surfaces but their 
values are determined by applying; for example, the law of mass action 
to the exchange of ions (charges) between the surface and the liquid. 
The solutions to equation (1.13) yield the potential at any point 
between the interacting surfaces if the surface potential of an 
isolated double layer is known. From this one can calculate the 
energy of interaction or the force by equating the pressure at the 
midplane to the osmotic pressure p due to the accumulation of ions in 
this region given by 
or 
p = 6nkT 
p 
= kT [ (n + - n + 0 ) + (n _ - n _ 0 )] 
= kT[n+ +n_ -2n°] 
= 2n°kT(coshY -1) 
m 
(1.16) 
(1.17) 
for a symmetrical electrolyte. The interaction free energy per unit 
surface area for each surface separation is computed by integrating 
the force from that separation to infinity, where the energy of 
interaction is zero [32]. 
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Once again, the form of the repulsive force is masked by the 
complexity of the equations and it is therefore worthwhile to consider 
an approximate solution, valid for large surface separations(>> K- 1 ) 
and (constant) high surface potentials (ze~ /kT >> 1) 
0 
E(D) (1.18) 
where y
0 
= tanh(ze~
0
/4kT) and Dis the surface separation. This 
relation shows that the repulsion decreases exponentially with 
distance, with a decay length equal to K- 1 , the Debye length, and 
that, since K is proportional to the square root of n°, the 
exponential wins out over the factor n°K- 1,leading to a decrease in 
force with increasing electrolyte concentration (at large surface 
separations and for high surface potentials). 
When applying double-layer theory to colloidal dispersions, it is 
more appropriate to consider the Poisson-Boltzmann equation for two 
spherical particles. An exact numerical solution to this equation has 
recently been published l35]; here it is sufficient to examine one 
approximate solution, valid for large values of KR (obtained by 
integrating equation (1.18)) 
(1.19) 
where R is the particle radius. This assumes that the surface 
potential remains constant during approach - letting the surface 
charge remain constant instead leads to an increased repulsion for 
small surface separations. From equation (1.19) it is readily 
apparent that increasing the electrolyte concentration (increasing K) 
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will lead to a decreased repulsion at all distances, provided ~ o does 
not increase, and hence to the destabilization of a dispersion. 
On the experimental side, early observations by Derjaguin and 
Kussakov [36] on the thickness of films between solid surfaces and 
hydrogen bubbles seem to constitute the first observation of double-
layer forces. Qualitative observations were made by Tabor and Roberts 
[37] in experiments with glass surfaces and polyisoprene hemispheres, 
but direct force vs. distance measurements did not conclusively 
confirm the accuracy of the double-layer theory (Gouy-Chapman model) 
until the work by Israelachvili and Adams [6] on the forces between 
mica surfaces in aqueous electrolyte solutions. Subsequent 
measurements (see Section 5.5) have confirmed the theory -for a range 
of concentrations and ion valencies, and despite a number of 
"refinements" to the theory in the form of finite ion size, 
discreteness of charge, inner layers, etc. [38] no experimental 
deviations from the basic Gouy-Chapman model have been detected. This 
is partly due to the fact that many of the corrections seem to cancel 
each other, partly to the fact that at small distances, when such 
corrections may be important, other effects due to solvent structure 
become dominant. The conclusions thus far are that the Gouy-Chapman 
model of the double layer works extremely well and is in all cases 
accurate within experimental error at long range (D > 5 nm) but at 
short range, deviations, when observed are largely due to solvent 
specific effects. Such "structural" forces will be discussed in the 
next section. 
1.4 FORCES DUE TO SOLVENT STRUCTURE 
Because a liquid retains a certain amount of short-range order 
13 
from the solid state, the density profile around a molecule is 
oscillatory at short distances. The density profile is described 
mathematically by the distribution functions f(r). The single 
particle distribution function f 1 (r) is just the probability of 
finding a particle (molecule) in a volume element of the fluid, and it 
is equal to the bulk density of the fluid - in other words, the 
density of a fluid is independent of position. The two-particle 
distribution function f 2 (r
1
,r
2
) measures the probability of finding 
one particle at r 1 and a second at r 2 , and it is usually considered in 
the form of the radial distribution function g 2 (r 1 ,r2 ), defined by 
[39] 
(1.20) 
This function gives the probability of finding a particle at a given 
distance from a reference particle at a fixed position. For spherical 
particles, g 2 depends only on the distance between the particles r, 
and as r tends to infinity, g 2 must tend to unity (any position is 
equally probable). At short range, the maxima in the radial 
distribution function indicate the positions of nearest-neighbour 
molecules, next nearest-neighbours, etc., and at intermediate 
positions the small probability of encountering molecules is indicated 
by the minima. 
The radial distribution function may be deduced experimentally 
from X-ray diffraction of liquids, and it can be calculated 
(approximately) by integral equation methods [40]. If known, the 
radial distribution function can be used to calculate thermodynamic 
properties of the liquid, such as energy, pressure, compressibility, 
etc. 
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If one defines a quantity W by the equation 
W = - kT Zn g 2 (1.21) 
then W can be shown to be the potential whose negative gradient gives 
the mean force acting between any two molecules in the liquid, and it 
is called the potential of mean force. If the radial distribution 
function is spatially oscillatory, then the potential of mean force 
will also exhibit oscillations. 
In an analogous manner, the presence of a solute molecule will 
perturb the liquid structure around it and the density profile of the 
s olvent will exhibit spatially decaying oscillations . Letting the 
radius of the particle (solute) increase, one has the case of a 
colloidal particle in solution, and, ultimately, as r~oo, a liquid 
against a flat wall. 
The density distribution in a liquid against a solid wall also 
shows oscillations decaying with distance away from the wall, 
reflecting the "layering" of molecules close to a wall. Such density 
profiles have been studied theoretically using computer simulation 
techniques (Monte Carlo and molecular dynamics) or integral equation 
methods. Computer simulations are essentially based on statistical 
averaging of the properties of fluid atoms or molecules and as such 
provide comparison with both theoretical calculations and experiment. 
Given an intermolecular potential, usually a hard-sphere or Lennard-
Jones type potential, one can calculate thermodynamic properties of 
the model system. Due to the time-consuming calculations, the size of 
the model system must be limited to a few hundred or so molecules, and 
to avoid potentially significant wall effects, one uses periodic 
boundary conditions, i.e. a molecule which leaves the "box" through 
one wall enters the box again through the opposite wall. The Monte 
Carlo method is a multidimensional integration procedure in which 
equations for thermodynamic properties are solved for a large number 
vJ;+k +lv- ro ~~ , -~ ~ to ~E;_ ()... ~olk"""""""'~ ~~~-~~·c 
of configurations, generated at random. For each configuration, the 
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energy is calculated and if it is lower than for the preceding 
configuration, it is accepted. Configurations of higher energy are 
not immediately rejected but subjected to further scrutiny. Average 
properties are ~alculated for a large number (10 5 -10 6 ) configurations 
and the initial configurations are discarded to avoid any influence of 
the starting point. 
In the molecular dynamics method Newton's equations of motion are 
solved for all the particles in the system for a large number of 
configurations. The desired properties can be obtained by 
time-averaging the contributions from acceptable configurations, or, 
with the molecular dynamics method, time-dependent properties can be 
calculated. This latter advantage with the molecular dynamics method 
is partly offset by the fact that it requires longer computing time. 
Both of the above methods are exact, for the given model 
potential, provided enough configurations are used [39]. 
The density profile between two solid surfaces has recently been 
studied using the above methods. Because of the presence of two 
constraining walls, the ordering effects are enhanced at small surface 
separations and one obtains oscillatory density profiles for 
separations of up to 12 molecular diameters. One finds th~t the 
amplitude of the oscillations increases with increasing fluid density 
and increasing wall-liquid molecule attraction. 
It is intuitively reasonable that such an oscillatory density 
profile will lead to a force between the surfaces. Theoretical 
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calculations by Mitchell et al. [41] have predicted that the force 
between solid surfaces in a hard-sphere fluid should be an oscillatory 
function of separation, and this has been confirmed by Snook and van 
Megen [42,43], who studied the interaction between solid surfaces in 
Lennard-Jones liquids using the Monte Carlo method. Their results may 
be summarized as follows: The force between two solids in a simple 
(Lennard-Jones) liquid is oscillatory with surface separation, 
alternating between attraction and repulsion and the magnitude of the 
forces decays rapidly with surface separation. The oscillations 
follow roughly the oscillations in the density profile and the 
magnitude of this salvation force is large compared to the continuum 
van der Waals force. The periodicity of the oscillations is close to 
the molecular diameter, or Lennard-Jones 0. 
Similar results were obtained earlier by Lane and Spurling [44] 
and theoretical calculations by Grimson et al. [45] have also yielded 
oscillatory salvation forces, for hard-sphere fluids. Even for 
non-spherical, dumbbell-shaped molecules, calculations indicate the 
existence of such forces [46], although of reduced range and 
magnitude. Recent simulations show that for model water too, the 
density profile between two solid walls is oscillatory with distance 
[47,48]. 
These results confirm that continuum van der Waals theory is a 
totally inadequate model for the force between solid surfaces in 
liquids at small surface separations. Richmond [49] has shown how the 
continuum van der Waals force is expected to dominate in the limit of 
large surface separations, where contributions to the force due to 
surface-induced liquid structure are negligible. 
For liquid-vapour interfaces the situation seems to be different, 
and no oscillatory density profile is found [50], presumably due to 
the greater "fluidity" of the interface. 
17 
The first experimental confirmation of an oscillatory salvation 
force were the measurements by Horn and Israelachvili [29], mentioned 
at the end of Section 1.2. Further, albeit less clear, evidence for 
the breakdown of continuum theory has come from the measurements on 
aqueous electrolyte solutions by Israelachvili and Pashley [6,51], 
further discussed in Sections 5.1 and 5.6, and recent experiments on 
the force between hydrophobic surfaces in water [52]. In this latter 
case an additional attractive force was found and it is interesting to 
note that a depletion of Lennard-Jones molecules close to a 
non-interacting wall, at least for low fluid densities, had been 
predicted by simulation studies [53]. Such a depletion would lead to 
an attractive force between two surfaces. 
1.5 OUTLINE OF THESIS 
Previous, accurate measurements of the force between surfaces 
have mainly been restricted to aqueous systems. Due to the complexity 
of water as a liquid, comparison with theories, based on much 
simplified models, becomes very difficult and it is certainly 
impossible to use the results with water to predict forces in other, 
simpler, liquids. 
An alternative, and perhaps easier, approach, advocated by Ninham 
[54,55] is to start by attempting to explain the forces found in 
simple, non-polar liquids and gradually introduce additional features 
like a dipole moment and hydrogen-bonding. In this way, it is hoped 
to achieve both a complete picture of the forces in different liquids, 
and how they depend on molecular properties, as well as an 
understanding of the very involved situation in water and aqueous 
solutions. 
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Horn and Israelachvili have already taken the first step in this 
direction, and the work presented in this thesis is a continuation and 
extension of their investigations to cover a range of liquids, both 
non-polar (Chapter 3) and polar (Chapter 5) as well as binary mixtures 
(Chapter 4 - the effect of water on the forces in non-polar liquids). 
While most of the features of the forces found in these groups of 
liquids are discussed separately at the end of each chapter, Chapter 6 
contains a summary and a brief and rather speculative discussion on 
the implications of these results for the stability of dispersions in 
non-aqueous media - a rather poorly understood area of colloid 
science. 
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2.1 INTRODUCTION 
CHAPTER 2 
EXPERIMENTAL METHODS 
The force measurements presented here were performed using the 
apparatus developed by Israelachvili [l], based on earlier models by 
Tabor and Winterton [2] and Israelachvili and Tabor [3]. This 
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instrument measures the force between two mica surfaces in a crossed-
cylinder configuration at surface separations ranging from several 
microns down to contact. The surface separation is determined by 
multiple-beam interferometry to within 0.1-0.2 nm and the force is 
measured by monitoring the deflection of a leaf spring, on which one 
of the surfaces is mounted. The method also permits the measurement 
of the refractive index of the medium between the two mica surfaces 
and yields information on surface deformations. 
In this chapter, the apparatus together with the necessary 
auxiliary equipment will be described. The experimental procedure 
will be outlined and the techniques used to measure forces will be 
discussed. The formulae used to convert the raw data into force and 
distance values will be presented and finally the purification methods 
used for the liquids will be described. Special attention will be 
focussed on two points, namely the selection of glues used to mount 
the mica sheets on supporting silica discs (Section 2.5), and the 
derivation of some new formulae that permit accurate di s t a nce 
calculations at large surface separations (Section 2.8). 
2.2 DESCRIPTION OF APPARATUS 
The force-measuring apparatus consists of a stainless steel 
chamber, of approximate volume 350 cm 3 , with a removable front plate 
(see Fig. 2.1). The front plate has a number of inlets used for 
filling, draining and injection of liquids as well as passing gases 
through the chamber. 
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The mica surfaces are mounted on silica discs (A), with 
cylindrically polished surfaces facing each other with the cylinder 
axes perpendicular to one another. The lower disc is mounted at the 
end of a leaf spring (B) which is rigidly clamped to one end of a 
double cantilever spring. This double cantilever spring (C), and 
thereby the lower mica surface, can be moved by the action of two 
externally controlled micrometer shafts. The upper micrometer (D) is 
driven by a stepping motor and any motion is translated directly into 
a displacement of the lower mica surface relative to that of the 
upper. This provides a coarse control of surface separation in 
increments of about half a micron, with a total range of a centimetre. 
The lower micrometer shaft (E), driven by a synchronous motor, 
acts on the other end of the double cantilever spring through a 
helical spring (F). The motion is thus reduced by the ratio of the 
spring constants [i.e. k (cantilever)/k (helical), usually about 
1000], and the surface separation can thus be controlled to about 
1 nm. The synchronous motor is connected to a potentiometer, which 
allows the calibration of surface displacement (see Sectioµ 2.9). 
The upper silica disc is mounted at the end of a cylindrical 
piezoelectric crystal (G) and this provides the final control of 
surface separation. By varying the potential across the piezoelectric 
crystal the surface separation can be controlled to better than 
Figure 2.1: Cross-sectional view of the force-measuring apparatus. 
Approximate scale 1:1. A - silica discs mounted in crossed-
cylinder configuration; B - leaf spring (force-measuring spring); 
C - double cantilever spring; D - upper micrometer shaft, driven 
by stepping motor; E - lower micrometer shaft, driven by· 
synchronous motor; F - helical spring; G - cylindrical piezo-
electric crystal; H - lower silica window (entrance port for 
light beam); I - upper silica window (exit port for light beam). 
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0.1 nm. Further detail on the apparatus can be found in Ref. 1. 
The separation of the mica surfaces is measured by monitoring the 
shifts of a series of interference fringes in a spectrometer. The 
mica sheets are silvered on the back side and interference takes place 
when white light is allowed to pass through the two sheets. The light 
beam, from an ordinary tungsten lamp, enters the chamber through a 
silica window in the bottom (H) and exits through a similar window at 
the bottom of the piezoelectric crystal (I). It is focussed by a 
microscope objective and directed via two prisms onto the slit of a 
grating spectrometer (see Fig. 2.2). The interference fringes can be 
observed visually through an eyepiece or photographed. 
2.3 OPTIONAL ATTACHMENTS 
The apparatus can be fitted with a number of optional attachments 
for special purposes. The following is a brief list of those used in 
these experiments. 
i) A pair of heaters, fitted to a modified front plate. Together 
with a thermistor, these allow the control and measurement of 
the temperature in the measuring chamber and were used for one 
experiment at elevated temperatures (Section 3.2). 
ii) A spring of variable stiffness in place of the usual leaf spring 
of fixed spring constant. Two types were used, a single and a 
double cantilever spring which can be clamped at various 
positions, permitting the spring constant to be varied by up to 
three orders of magnitude. The double cantilever spring does 
not tilt when displaced, ensuring that the applied load is 
normal to the surfaces. A variable spring was used for some 
experiments with acetone and methanol (Chapter 5). 
iii) A rigid support in place of the leaf spring. This has an 
effective spring constant of 10 4 - 10 5 N/m and can be used when 
actual force measurements are not required (see Chapter 4). 
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iv) A non-tilting spring in place of the leaf spring. As for the 
double cantilever variable spring, the applied force acts normal 
to the surfaces and there is no lateral movement during vertical 
displacement of this spring, but the spring constant is fixed. 
This spring was used for some experiments described in Chapter 
4. The non-tilting spring and the variable springs were 
designed by Israelachvili. 
2.4 PREPARATION OF MICA 
Naturally occurring muscovite mica is unique in that it can be 
cleaved into large, molecularly smooth sheets. The mica used in these 
experiments was obtained from Bihar, India. 
The mica is cleaved by inserting a sharp pin or needle into the 
edge of a thick sheet and peeling off from the edge. With a bit of 
luck and a great deal of perseverance it is possible to obtain large 
(""' 10 cm 2 ) areas of uniform thickness. To be useful, the mica should 
be 1-3 µm thick and this can be recognized by the clarity of the 
interference colours observed in reflected (white) light. The 
uniformity of the colour establishes the absence of cleavage steps in 
the mica. A suitable area is cut into smaller pieces(""' 1 cm 2 ) with a 
white-hot platinum wire. The mica sheets are immediately placed on a 
freshly cleaved, thicker sheet of mica (the backing sheet) and are 
held down firmly by strongly adhesive forces. One side of the ffilca is 
thus protected from contamination. The entire procedure is carried 
out in a clean-air cabinet. 
t I 
I 
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The exposed side of the mica sheets is then silvered by vacuum 
evaporation at,...., 2 xio-s torr. An approximately 45 nm thick layer of 
silver is deposited. The optimum amount of silver was determined by 
observing the interference fringes of a number of mica sheets folded 
over on themselves, with the silvered side out. By weighing out 
varying amounts of silver the weight of silver needed to give bright 
and sharp fringes is readily established. 
The mica is stored in a dessicator with silica gel as a drying 
agent to prevent capillary condensation around the edges of the 
sheets, which are rough from the cutting procedure and do not adhere 
well to the backing sheet. This fact, however, allows them to be 
picked up again for the mounting procedure. 
2.5 MOUNTING OF THE MICA SHEETS 
The mica sheets are mounted on the supporting silica discs at the 
start of an experiment (see Section 2.6) using a thermosetting glue. 
The mica is held to the supporting silica discs by the strong, 
adhesive forces resulting from good contact at the glue-silver and the 
glue-silica interfaces respectively. When the glue melts and then 
sets, it faithfully contours any roughness on the silica and silver 
surfaces and the mica sheets are held in place by van der Waals 
forces. Because of the thickness of the glue layer, greater than that 
of the mica, the mica sheets follow the (macroscopic) curvature of the 
silica discs. 
In principle a great number of compounds could be used as glues. 
A number of factors, however, limits the choice drastically and indeed 
one major problem was to find a glue suitable for work in polar 
liquids, which are inherently good solvents. The following 
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characteristics are required for a compound to perform well as a glue: 
i) it must be transparent; 
ii) it must be hard yet have a low melting point as excessive he at 
damages the silver layer on the mica sheets; 
iii) it should have a low coefficient of expansion or contraction on 
setting, but in particular it must not craze or form large 
crystals on solidifying as this causes macroscopic surface 
roughness of the mica, which will follow the contour of the 
individual crystals; 
iv) it should be pure and inert, i.e. not dissolve or swell in the 
liquid to be studied. This rules out the use of any solvent-
based glues; 
v) it should preferably wet the silica disc and silver layer. 
The previously used glue, sym-diphenylcarbazide [4], exhibits the 
above properties but it cannot be used in many organic liquids because 
it dissolves. It is insoluble in aliphatic hydrocarbons but dissolves 
readily in, for example, benzene. 
The epoxy resin 1004 (source: Shell Chemical Co.) has proved to 
be suitable for work in aqueous solutions but it dissolves in many 
polar liquids and swells in aromatic hydrocarbons. 
Attempts were made to use commercial glues such as an optical 
adhesive from Norland Products Incorporated, New Brunswick, N.J. This 
is a polymer which crosslinks and sets on exposure to ultraviolet 
light. Despite initially promising results it was found that 
contamination of the liquid invariably results after a short time. 
Presumably some substance is dissolved from the glue and adsorbs to 
the mica surfaces in solution. 
It was eventually found that several low-melting carbohydrates 
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may be used to advantage even in some very polar liquids. The most 
suitable was glucose, which has a low melting point (150 °C) yet is 
fairly hard when solid. It does not form crystals on solidifying but 
sets into a transparent, glass-like solid. It can be used with any 
hydrocarbon, including benzene, as well as liquids like acetone and 
propylene carbonate. Unless the liquids are dried carefully, it 
eventually picks up water, and becomes soft and tacky. It is hence 
not suitable for experiments with water in organic liquids (see 
Chapter 4). 
Sym-diphenylcarbazide was the glue used for all non-polar liquids 
(see Chapter 3) except benzene. Glucose was used for benzene as well 
as acetone and propylene carbonate. The epoxy resin 1004 was used for 
methanol, even though it swells slightly and becomes soft with time. 
2.6 EXPERIMENTAL PROCEDURE 
Before each experiment, the apparatus is dismantled and all parts 
that are exposed to the liquid, including the chamber itself, are 
cleaned in analytical grade ethanol. The parts are left in ethanol 
overnight and then scrubbed gently with a soft brush. Each part is 
then washed with a jet of filtered ethanol from a pressure rinser and 
blown dry with nitrogen, always handling it with tweezers only. The 
apparatus is assembled, the entire procedure being carried out in a 
clean-air cabinet. Filtered, dry nitrogen is then passed through the 
apparatus for at least one hour to expel any residual ethanol. 
Next, the mica sheets are glued on to the silica discs. The 
discs are placed on a hot-plate and a few grains of the glue are put 
on the discs and melted. The mica sheets are lifted off the backing 
sheet, turned over and placed on the discs, thus exposing the 
protected mica surface. The mica sheets are pulled down onto the 
silica discs by the glue, these are then lifted off the hot-plate, 
mounted in the apparatus, and the chamber is immediately closed. 
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Filtered nitrogen is then passed through the apparatus again, to 
expel water vapour and any other airborne contaminants. 
The next step is to find a suitable contact position. By 
observing Newton's rings in monochromatic light (from a sodium lamp) 
one can check that the contact area is circular and that there is good 
adhesion, indicating clean surfaces and the absence of particles, mica 
flakes, etc. The upper surface can be moved or turned, by loosening 
the piezoelectric crystal mount, until a suitable contact position is 
found. By moving the upper surface parallel and then perpendicular to 
the cylinder axis of the lower silica disc, an entirely new contact 
area can be examined. The mount is then clamped rigidly in this 
position. The apparatus is then connected to the rest of the 
experimental set-up and the interference fringes are observed, first 
at large surface separations. The surfaces are brought into contact 
and the contact wavelengths of the fringes measured. The contact 
adhesion is measured and the surfaces separated a large distance 
(~ 1 mm) after which the apparatus is filled with whatever liquid is 
to be used, or in some cases a small droplet is injected between the 
surfaces through the syringe inlet on the front plate. 
2.7 INTERFEROMETRIC MEASUREMENTS 
The mica sheets with the outer surfaces silvered, together with 
the intervening medium, form a symmetrical three-layer interferometer 
and if white light is allowed to impinge on one of the surfaces only 
certain wavelengths will be passed. The wavelengths can be split up 
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in a spectrometer and appear as a series of "fringes o f equal 
chromatic order" (FECO) [4,5]. 
The general equation for a symmetrical three-layer interferometer 
is 
( 21TUD] tan A = 
( 1 - r 2 ) sin ( 4 TIµ Y / A) 
m 
2 r - ( 1 + r 2 ) cos ( 4 TIµ Y /A) ' 
rn 
( 2 .1) 
where Y is the thickness of the mica, r = (µ - µ)/(µ +µ),where µ 
m rn rn 
is the refractive index of the mica andµ is the refractive index of 
the medium. ).._ is the wavelength of the fringe and Dis the surface 
separation. Phase changes on reflection at ·the silvered interfaces 
and dispersive effects may be taken into account by including these 
terms in Y [4]. 
When the mica surfaces are in contact, D = 0, equation (2.1) 
becomes 
or 
4 TIµ Y / A = n TI ; 
rn n 
t.. = 4µ Y/n 
n rn 
n=l,2, ... 
n=l,2, ... 
(2.2) 
(2.3) 
This determines the contact wavelengths of the fringes as a function 
of fringe order n. As can be seen, the thinner the mica the greater 
the wavelength separation between the fringes. 
If the mica surfaces are now separated a distance D, the fring e s 
will shift towards longer wavelengths. Us ing an e mpirical relation 
for the effects of dispersion and phase changes one can from (2.1) 
derive the equation 
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( 2nµD] tan A = (1 +µ 2 ) cos[n(l-A 0 J\ )J(l-A 0 J\ 0
1
)] ± (µ 2 -1) 'C 2 •4) 
n n n n-
2µ sin[n (l-A 0 J\ )J(l-\ 0 J\ 0 1)] n n n n-
where the+ sign is for odd order fringes and the - sign for even 
order fringes [l]. Hereµ=µ/µ, A O and A O are the contact 
m n n-1 
wavelengths of the nth and (n-l)th fringe respectively and A is the 
n 
wavelength of the nth fringe for a surface separation of D (see Fig. 
2.2a,b). The fringe order is calculated using the formula 
n = 1c O JF (\ 0 - \ o) · 
n-1 n n-1 n ' (2.5) 
F ,...., 1.024 +1/n 
n 
valid for wavelengths close to the mercury green line at 546 nm [l]. 
The fringe order decreases towards increasing wavelength. 
Equation (2.4) shows that the shifts of odd and even order 
fringes have a different distance dependence. This becomes clearer 
when 'the two approximate formulae, valid for D <<A, are compared 
n 
D = nF (\ -\ 0 )J2µ ; 
n n n m 
n odd 
(2.6) 
D = nF (\ -\ 0 )µ J2µ 2 • 
n n n m ' 
n even . 
To first order, the shift of odd order fringes is independent of the 
refractive index of the medium. 
For all distance calculations the complete equation (2.4) was 
used. It requires a knowledge of the refractive index of the medium 
as well as that of the mica and the measurement of the contact 
wavelengths of two adjacent fringes. 
The wavelengths of the fringes are measured with a micrometer and 
graticule relative to the wavelengths of the mercury green and yellow 
lines. The refractive index of the mica has been measured as a 
function of wavelength and is given in Ref. 1. Because mica is 
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birefringent, the fringes generally appear as doublets (see Fig. 2.2), 
the separation of which depends on the relative crystallographic 
orientation of the mica sheets. Wavelength measurements are performed 
on one of the components only and the refractive index for this 
component is calculated from the separation of the doublets and a 
knowledge of the mean refractive index of the mica. 
The calculation of both distance and refractive index 
independently can be achieved by using a set of two equations (2.4). 
This requires the measurement of the contact wavelengths of three 
adjacent fringes (A 0 , A O and A O ) and the position of two fringes 
n n-1 n-2 
(A and A 1) at any finite surface separation. The two equations are n n-
solved numerically to give bothµ and D. 
For separations of less than about 200 nm, equation (2.4) allows 
the calculation of the surface separation to within 0.1-0.2 nm, 
provided the mica is not too thick, and the accuracy is essentially 
limited only by the finite width of the interference fringes. The 
measurement of such small surface separations with visible light is 
possible because one is actually determining the distance between the 
silvered outer mica surfaces. The error in the refractive index 
measurements, however, is much larger, especially at small surface 
separations, since one is essentially measuring the ratio of two 
independently determined distance values (compare equations 2.6). 
This error is typically,__, 1% for D ~ 10 nm, rising to 10% or more for 
D ~ 1 nm. 
If the mica sheets were parallel the fringes would appear as 
vertical lines in the spectrometer. Because of the crossed-cylinder 
configuration, which to leading order is equivalent to a sphere on a 
flat, the shape of the fringes is parabolic, to first order (see 
A 
0 
An-1 An-1 
B 
0 
Xn-1 
C 
0 
Ap-1 Xn-1 
increasing wavelength > 
Figure 2.2: Interference fringes as seen in spectrometer eyepiece. 
The fringes appear as doublets due to the birefringence of mica. 
The left-hand doublet is an odd order fringe, the right hand 
doublet an even order fringe. A - surfaces a few tens of nm from 
contact; note the parabolic shape. B - surfaces in contact; 
note flattening. C - surfaces separated several microns; fringes 
of order p,p-1 and p-2 where p >>n are now visible in the 
eyepiece. The AS refer to the calculations discussed in Sections 
2.7 and 2.8. 
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Fig. 2.2). The entrance slit of the spectrometer samples a cross-
section of the surfaces, defined by the positioning of the two prisms 
used to direct the light beam into the spectrometer. By using a 
system of three prisms, a cross-section at right angles to the first 
can be studied. The radius of curvature is measured in these two 
perpendicular directions during an experiment, at large separations, 
where any surface deformations are negligible. The mean radius of 
~ 
curvature is calculated by taking the geometric average (R 1 R2 ) 2 of the 
two radii (typically 1-2 cm). 
The fringe profile thus reflects the shape of a "slice" through 
the surfaces and gives information on the local radius of curvature as 
well as on surface deformations occurring under the influence of 
strong forces. The lateral resolution (vertical direction in Fig. 
2.2) is of the order of a few microns and is limited by the 
magnification of the optical system (25X in these experiments). 
2.8 DERIVATION OF SOME FORMULAE FOR USE AT LARGE SEPARATIONS 
As it stands, equation (2.4) is only good for calculating the 
surface separation when .\ < .\ 0 1 , i.e. when the shift of the nth n n-
fringe has not taken it past the contact wavelength of the (n-l)th 
fringe. When An= .\n~l' equation (2.4) becomes 
which has the solution 
D = .\ 0 /2µ . 
n-1 
(2.7) 
(2.8) 
On further separating the surfaces, an increment of .\ 0 /2µ (typically 
n-1 
~ 200 nm) must be added to the surface separation for each fringe that 
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passes A O • This provides a simple method of estimating the surface 
n-1 
separation at large distances; one simply brings the surfaces towards 
contact, counting the number of fringes that pass the contact 
wavelength Ao of any fringe and then multiplies this number by A0 /2µ 
n n 
to obtain the surface separation. Non-integral fringe shifts can be 
estimated by assuming linearity for fractions of fringe shifts. This 
method is exact for integral fringe shifts but rather inaccurate for 
non-integral shifts of only a few fringes. 
For many of the measurements it was essential to have an accurate 
formula to calculate the surface separation at distances for which 
A > A O • It is, fortunately, an easy task to modify equation (2 .4) 
n n-1 
so that it can be used for any surface separation. 
The argument of the sine and cosine terms in equation (2.4) is 
n(l - A0/A )/(1 - A0/A O ) . Calling this n8 , one can see that 8 
n n n n-1 n n 
increases with increasing A and that sinn8 reverses sign each time 
n n 
8 reaches an integer value . Since the tangent function is periodic 
n 
with a period of TI, it will similarly yield distance values that are 
periodic when it is inverted. By storing the integer part of 8 and 
n 
adding that number of n's to the right member of equation (2.4) after 
inverting the tangent , one can calculate D for an arbitrary fringe 
shift as follows: 
D = 
A 
n 
2nµ [ [ 
2ij sinn8 
arc tan . (1 +µ2) 8 ; c2 cosTI - µ 
n 
(2.9) 
where mis the integer part of 8 = (1 - Ao/A )/(1 - Ao/A O ). 
n n n n n-1 
A slight error is introduced as the equation assumes that the 
contact wavelengths of all fringes can be predicted from Ao and A 0
1
, 
~- n n-
which is not true because of dispersive effects. This error, however, 
only becomes serious when the fringes have shifted far into the red 
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and become impossible to measure anyway. This equation can hence in 
practice only be used for separations of a few fringes, i.e. multiples 
of AO /2µ . 
n 
The refractive index at large separations can be calculated 
(numerically) using two equations of type (2.9), knowing the contact 
wavelengths of three adjacent fringes and the shifts of two adjacent 
fringes . Obviously, one cannot monitor the shift of any one fringe 
continuously from contact, so that one must relax the constraint of 
having to know the contact wavelength of the fringes one observes at 
some large surface separation. This can be done in the following 
manner: With the surfaces in contact one measures the wavelengths of 
two adjacent fringes (A 0 , A O ) in the usual manner. At some large 
n n-1 
surface separation D fringes p and p-1, where p > n, have moved into 
the wavelength region observable in the spectrometer and An~ AP, 
A 1 ~ A 
0
1 (see Fig. 2.2b,c). Letting m = p-n one knows that m p- n-
fringes have passed A. 0 during the process of separation from contact. 
n 
Using equation (2.9) and letting 
¢ = 2µsinn8 / l ( 1 + µ2 )cosn8 ± (µ- 2 1)] p p p 
one obtains 
A 
D = 2~ (arctan <Pp +mn) . (2.10) 
Similarly, the (p-l)th fringe has passed m- 1 contact fringes and 
Ap-1 
D = 2nµ [arctan cpp-l + (m-l)n] (2.11) 
Combining (2.10) and (2 . 11) yields 
[
l + ! arctan ¢p ! 
A - A p-1 p 
D = 
\ \ p p-1 
2µ 
arctan 
(2.12) 
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Now ¢ and¢ 1 are the right members of equations of type (2.4) and p p-
can be converted back into the form of equation (2.1), and are hence 
independent of relative to what contact wavelength we calculate the 
fringe shift. This means that (A /2nµ)arctan¢ is equal to an p p 
"apparent distance" T that we would calculate if we assumed that the p 
pth fringe had simply shifted from the Ao position. Similarly, T 1 n p-
is the "apparent distance" for the (p-l)th fringe, again relative to 
Ao . One thus has 
n 
D = 1 (2.13) 
where A 
T = __.E_ arc tan¢ · p 2TIµ p 
and 
This equation gives the correct surface separation for any (large 
or small) fringe shift, provided that A~~ AP, Ap-l ~ An~l' and 
requires only that the contact wavelengths of any two adjacent fringes 
be measured . Obviously, one could relax the constraint that 
A ~A O • in which case (m-1) in (2.11) would be replaced by m and p-1 n-1' 
the final equation would become 
1 
D = , , (T A l - T lA ) . 
I\ - I\ p p- p- p p-1 p 
(2.14) 
At large enough surface separations, however, the relation Ao~ A, 
n p 
2.9 FORCE MEASURING TECHNIQUES 
The force between the surfaces is calculated by measuring the 
deflection of a spring of known spring constant k. Hookes' law simply 
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gives the force as 
F = k•6D (2.15) 
where 6D is the deflection of the spring (the surfaces). In order to 
use this equation, one must first know how the surface separation D 
varies with the displacement of the spring in the absence of any 
force. This is achieved by calibrating the potentiometer attached to 
the synchronous motor and the piezoelectric crystal. By monitoring 
the shifts of the fringes at some large surface separation, where 
there is no force, one can calculate the change in surface separation 
D perk~ of resistance change of the potentiometer (synchronous motor) 
or per volt potential change (piezoelectric crystal). As the surfaces 
enter a distance regime where a force starts to operate, the measured 
surface separation D will start to deviate from the one expected if 
there were no force. This difference in separation, 6D, multipled by 
the spring constant k gives the force in accordance with equation 
(2.15). 
In practice this method is only useful for measuring repulsive or 
very weakly attractive forces. Because one of the surfaces is mounted 
on a spring of finite stiffness, instabilities occur as soon as the 
gradient of the force law exceeds the spring constant and a jump to 
the next stable position takes place. No information can therefore be 
obtained on the forces in regions where the gradient of the force law 
exceeds the spring constant. By measuring the distance jumped and 
multiplying this value by the spring constant one obtains the 
difference between the forces at the two stable positions. This 
method is particularly useful for measuring the force in adhesive 
minima, from which a large outward jump takes place when one attempts 
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to separate the surfaces. 
In Fig. 2.3 a hypothetical force curve has been plotted in order 
to summarize the different methods of force measurements. (By a 
strange coincidence, it turns out that this force curve is similar to 
the one measured in methanol - see Chapter 5.) 
A force run with, for example, the synchronous motor starts with 
a couple of calibration points (1-3 in Fig. 2.3). Here the change in 
surface separation per unit resistance is observed to be constant. On 
bringing the surfaces closer together, deviations are observed, 
starting with point 4, so the force is calculated relative to point 3, 
where F = 0. Further measurements yield points 5 and 6 and at point 7 
the slope of the force curve has become positive and exceeds the value 
of k. An inward jump takes place to point 8 from where further 
measurements can be made. In this regime, the surfaces are observed 
to hardly move on applying the synchronous motor, which yields the 
steep force barrier up to point 10, where a second instability is 
encountered, the force curve again having acquired a positive slope 
> k. A jump into point 11 occurs, where again a stable region permits 
measurements upward along the force curve to point 13 and beyond. 
If the synchronous motor is reversed at point 8 or point 11, 
measurements can be made down the force curve at points a-c or A-D. 
At points c or D, the slope of the force curve again becomes positive 
and as soon as it exceeds k, an outward jump takes place. The 
surfaces come to an equilibrium position only where a line of slope k, 
originating at c or D, intersects the force curve again (a or S). The 
force at c or D can be measured by either using the potentiometer 
reading at that point, or by measuring the jump distance and to the 
calculated difference in force 6F = k6D adding the force at a or S. 
LL 
'"' Q) 
u 
'-Q 
LL 
+ 11 
13 
12 
D 
Surface Separation, D 
Figure 2.3: Hypothetical force curve to illustrate force measuring 
techniques. The numbers and letters are explained in Section 2.9. 
+ denotes repulsive forces, - attractive forces. The arrows 
denote inward and outward jumps, occurring at the onset of 
instabilities (see text). The dashed lines are inaccessible 
regions of the force curve - because of instabilities the shape of 
the force curve cannot be determined in these regions. 
41 
42 
By changing the spring constant k, it is possible to obtain 
additional points in the neighbourhood of instabilities. This can be 
achieved during the course of an experiment by using a variable spring 
(Section 2 . 3). If the spring constant is increased, the jump will 
occur at point 7a instead of 7. In practice, this makes very little 
difference at points c and D, as the gradient of the force curve 
changes so rapidly. As the surfaces hardly move between, for example, 
points C and D, point D can to a very good approximation be taken as 
the local minimum of the force curve. 
Using the Derjaguin approximation [6], the measured force can be 
related to the energy per unit area between flat surfaces by 
F(D) = 2nR•E(D) , (2.16) 
where R is the mean radius of curvature of the surfaces. The 
experimentally obtained values of the force are normalized by this 
radius of curvature, which both provides a convenient comparison with 
theoretical predictions of the energy between flat surfaces and 
ensures that the measured force is independent of the actual radius of 
curvature. 
The spring constant is measured (to within about 3%) by placing 
small weights on the lower surface and observing the deflection of the 
spring in a travelling microscope. The standard leaf springs have 
spring constants in the range 1.0-1.3 xl0 2 N/m; with a variable 
spring one can choose arbitrary values in the range 5 x10 1 - 10 4 N/m. 
The accuracy of the measured force is limited by a number of 
factors. In most cases, the error in the surface separation (0.1-0.2 
nm) is negligible compared to errors in the radius of curvature, the 
spring constant and the calibration of the potentiometer or 
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piezoelectric crystal. The error in the measured radius of curvature 
is of the order of 10-15% and is the dominant source of error in most 
experiments. The accuracy of the calibration procedure varies, 
depending on the extent of thermal drifts due to expansion of the 
steel apparatus, but is usually better than 10% and often considerably 
less. A rough estimate thus gives a maximum error of about 25% in the 
force measurements. The reproducibility in any one experiment is much 
better than this, since the error in the radius of curvature does not 
enter into this, and is often within 10%. 
At close range the magnitude of the forces is often affected by 
surface deformations. The glue holding the mica sheets to the silica 
discs is much softer than mica and deforms readily under the influence 
of strongly adhesive forces or when large loads are applied in order 
to overcome repulsive forces. This is particularly evident when 
measuring oscillatory salvation forces of the type discussed in 
Chapter 3 (similar to the leftmost part of the force curve in Fig. 
2.3). The point at which deformations begin to occur depends on the 
magnitude of the forces, on their rate of increase with distance, i.e. 
the slope of the repulsive force barriers, and on the magnitude of the 
attractive forces at the minima [7]. When the force barriers are very 
steep, most of the applied force is stored in the form of elastic 
energy needed to deform the surfaces and as they deform; the 
effective radius increases and eventually they may flatten. This 
means that the force applied (and measured) must be larger than the 
real force between the surfaces and the repulsive forces are 
consequently overestimated. 
By contrast, any adhesive local minima in the force curve are 
accurately determined even if the jump apart occurs while the surfaces 
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are still flattened [8]. 
2.10 PURIFICATION OF LIQUIDS 
The purification procedures were especially designed to eliminate 
particulate matter, surface active impurities, water, and, for the 
polar liquids, ionic contaminants. Obviously, the presence of either 
or both of the first two has disastrous consequences when one attempts 
to measure the force between surfaces at separations of a few 
nanometers. On the other hand, small amounts of chemically similar 
contaminants would not be expected to have any measurable effect. An 
example is the presence of toluene("" 0.05%) in benzene. For the 
non-polar liquids, the removal of water is particularly important (see 
Chapter 4). 
All liquids were of analytical or spectroscopic grade, of varying 
commercial origin. The following general method of purification was 
adopted for all liquids: Double distillation from molecular sieve 
type 4A, the second distillation always being carried out under 
nitrogen. The second distillation was performed as close to the start 
of an experiment as possible, and subsequently the liquid was filtered 
through a 0.2 µm teflon filter under positive nitrogen pressure, after 
which the measuring chamber, previously flushed out with nitrogen (see 
Section 2.6), was immediately filled. The importance of minimizing 
the time between the second distillation and the start of an 
experiment was realized after some early measurements with cyclohexane 
showed definite signs of the liquids having picked up water from the 
atmosphere as they were left for many hours after filtration and 
before filling the chamber (see Section 3.2). 
Liquids with high boiling points (octamethylcyclotetrasiloxane, 
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1-methylnaphthalene and propylene carbonate) were distilled in vacuo. 
Reduced pressure was achieved either with an oil-free pump (OMCTS and 
1-methylnaphthalene) or a rotary pump with a liquid nitrogen cold-trap 
(propylene carbonate). The second distillation was carried out with a 
nitrogen rather than an air bleed. 
2.11 COHPLEMENTARY MEASUREMENTS 
The water content of the liquids was determined by the Karl 
Fischer method, employing a commercial titrator (Metrohm E551). At 
least double samples were used, taken after filtration, immediately 
prior to filling the measuring chamber. 
Conductivities of the polar liquids with and without added 
electrolyte were measured with a TPS conductivity meter, using a cell 
of cell constant 1.0. These measurements were performed only to 
obtain a rough idea of the ionic concentration and no precautions were 
taken to exclude effects of the atmosphere and glass vessels. 
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3.1 INTRODUCTION 
CHAPTER 3 
FORCES BETWEEN MICA SURFACES 
IN NON-POLAR LIQUIDS 
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Measurements by Horn and Israelachvili have shown that the force 
between mica sheets in the non-polar silicone oil octamethylcyclo-
tetrasiloxane (OMCTS) is not the monotonic attraction predicted by 
continuum theory but an oscillatory function of surface separation 
[1,2]. The force alternates between attractive minima and repulsive 
maxima and the amplitude of these "oscillations" decays rapidly with 
surface separation. The periodicity of the oscillatory force curve is 
close to the mean molecular diameter of the OMCTS molecule("' 1.0 nm) 
and beyond 8-10 periods (8-10 nm) the oscillations can no longer be 
measured but merge into a weakly attractive force curve. The 
periodicity of the first few oscillations from contact seems to be 
slightly smaller than that of the subsequent ones and the shape of the 
oscillations was found not to be sinusoidal - the distance between a 
minimum and the following maximum (at a slightly smaller surface 
separation) was less than half a period. The magnitude of the force 
at the maxima and minima exceeds that of the van der Waals force 
predicted by continuum Lifshitz theory. 
These results are in accord with predictions made by computer 
simulation studies as well as theoretical calculations (see Chapter 
1 ) • 
With OMCTS a certain variability from experiment to experiment 
was encountered and this was attributed to variations in lattice 
spacing or chemical composition of the mica and above all to varying 
water content of the liquid. Trace amounts of water were found to 
have a profound effect on the forces - with increasing water 
concentration the oscillations disappeared and finally the force 
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became purely attractive, with a very large contact adhesion. The 
effect of water was reversible; on removing the water the oscillatory 
salvation force reappeared. Increasing the temperature from 22 °C to 
40 °C did not qualitatively alter the force curve. 
A preliminary experiment with cyclohexane yielded similar results 
- an oscillatory salvation force with a mean periodicity of 0.6 nm, 
again close to the mean molecular diameter . 
The measurements presented in this chapter were undertaken in 
order to study further the forces between mica sheets in non-polar 
liquids and thereby attempt to establish 
i) whether or not the occurrence of salvation forces is a general 
phenomenon, 
ii) whether any liquids show forces similar to those predicted by 
continuum theory, and 
iii) what properties of the liquid influence the nature of the forces. 
The liquids chosen were cyclohexane (for further study), benzene, 
-~ 
te{rachloromethane, n-octane and 2,2,4-trimethylpentane (iso-octane). 
In addition, repeat experiments with OMCTS were performed in order to 
facilitate accurate comparisons between the force curves measured in 
the various liquids. 
The above six liquids form a suitable set of non-polar molecules 
covering a range of sizes, molecular shapes and symmetries as well as 
melting points and other physical properties. Some of the relevant 
physical properties have been summarized in Table 3.1. 
Liquid 
Tetrachloro-
methane 
Benzene 
Cyclohexane 
OMCTS 
Isa-octane 
n-Octane 
Table 3.1 
Physical Properties* 
Melt i ng 
Point, °C 
-23 
6 
7 
18 
-107 
-57 
Boiling 
Point, ° C 
77 
80 
81 
176 
99 
126 
n 20 € (20 °C) D r 
1.4601 2.238 
1.5011 2.284 
1.4262 2.023 
1.3968 2.390a 
1.3914 1. 940 · 
1.3974 1.948 
* From Refs. 8, 14 unless otherwise stated. 
a. Ref. 15, at 23 °C. 
b. Ref. 16, at 25 °C. 
µ, D 
0 
0 
0 
0.42a 
0 
0 
n (20 °C), 
cP 
0.969 
0.6487 
0.980 
2.200b 
0.504 
0.5466 
+' 
I..D 
~ 
by 
Table 3.2 
Water Contents 
Water content, ppm by weight at 20 °C 
Liquid 
Tetrachloro-
methane 
Benzene 
Cyclohexane 
OMCTS 
Iso-octane 
Dry 
Liquids 
Exp. 
~ 6 
10 ± 3 
~ 6 
12 ±4 
- ~ 6 
Literature values from 
Saturated 
Liquids, 
Exp. 
81 ± 7 
595 ± 15 
65 ± 6 
250 ± 10 
98 ± 9 
Refs. 17 and 
interpolation of values at O °C and 25 
Saturated 
Liquids, 
Lit. 
84 
618 
59 
82 
Degree of 
Saturation 
= Water 
Activity for 
Dried Liquids 
~ 0.07 
0.016 
~ 0.10 
0.05 
~ 0.07 
18 (for iso-octane obtained 
oc). 
so 
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Observations by Horn and Israelachvili on the effects of trace 
amounts of water [2] were confirmed and studied in more detail. These 
results will be discussed separately and form the subject of Chapter 
4. In this chapter only measurements with "dry" liquids, i.e. with as 
low water content as possible, will be considered. The purification 
procedure used has been described in Section 2.10. Table 3.2 shows 
the results of water determinations on the liquids, together with 
experimental and literature values for water-saturated liquids. 
The results for the different liquids will be presented in 
Sections 3.2- 3.7, after which the force curves obtained will be 
compared and a general discussion offered in Sections 3.8 and 3 . 9. 
3.2 CYCLOHEXANE 
The results of one of four experiments with cyclohexane are shown 
in Fig. 3.1. The force is a decaying oscillatory function of surface 
separation, with a measurable range for the oscillations of 5 nm. The 
symbols used in the figure are explained in the figure caption; the 
way in which the force curve is constructed from the raw data was 
discussed in Section 2 . 9. The periodicity of the oscillations is 
approximately 0.6 nm and at a surface separation of 2.2 nm there is a 
sudden, dramatic increase in the height of the repulsive force 
barriers . This increase coincides with the onset of visible 
flattening of the surfaces, as observed by the shape of the 
interference fringes. Because of the flattening, the magnitude of the 
repulsive forces at close range is overestimated (see Section 2.9) and 
cannot be 'quantitatively compared with measurements at larger surface 
separations or with the magnitude of the attractive minima, which are 
accurately determined despite any surface flattening [3]. The 
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Figure 3.1: Measured force F normalized by the radius of curvature R 
as a function of separation D between mica surfaces in 
cyclohexane, at 22 °C. Dashed lines show inaccessible regions of 
the force curve. ~and~ denote positions from which inward and 
outward jumps respectively take place. • are experimental ~oints 
measured during several force runs (see Section 2.9). The inset 
shows the force on a reduced scale, with a question ·mark 
indicating that the depth of this minimum was not measured. 
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surfaces could not be forced closer than the barrier at 1.2 nm because 
of flattening, even under a force of 60 mN/m. This suggests the 
existence of one additional, inaccessible force barrier before 
contact . Note that the shape of the oscillations is not sinusoidal, 
especially for the innermost oscillations where the force barriers are 
so steep as to be almost vertical on the scale of Fig. 3 . 1. 
All surface separations are calculated relative to contact in dry 
nitrogen (Section 2 . 7). Because the mica is cleaved and glued onto 
the silica discs in air, a physisorbed layer is present on either 
surface. The composition of this layer is not known, but its 
thickness and refractive index have been measured [4,5) . It is known 
to dissolve in water, where contact is found to occur 0.85 ±0.3 nm 
farther in from that in air, giving a thickness of 0.3-0.6 nm per 
surface [5] . Because of the large repulsive forces at small 
separations in cyclohexane and the other non- polar liquids, the 
surfaces could not be forced into contact to establish whether or not 
the layer dissolves in these liquids. There is, however, evidence 
that it does not (see Sections 3.3 and 4.3) and this provides some 
justification for equating contact in dry nitrogen with true contact 
in the non-polar liquids. 
The results of another two experiments (not shown) with cyclo-
hexane were qualitatively similar, although there was some variation 
in particularly the magnitude of the forces at a given surface 
separation . After these two experiments, the purification procedure 
was modified as described in Section 2.10 and in a fourth experiment 
with cyclohexane as well as for the rest of the non-polar liquids this 
procedure was rigorously followed. 
The results of this fourth experiment are presented in Fig. 3.2a. 
._ __ 
The force curve is qualitatively similar to that shown in Fig. 3.1, 
but there is a marked increase in the magnitude of the forces. 
Flattening now starts at 2.8 nm, i.e. at a surface separation one 
layer of molecules further apart than previously, and the force at 
which this occurs has been indicated in the figure by the arrow c~). 
The larger forces are undoubtedly a result of more efficient water 
removal. In Fig. 3.2a the force predicted by non-retarded continuum 
Lifshitz theory has been plotted for comparison (dotted line). See 
Appendix for calculations. 
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Increasing the temperature from 21 °C to 41 °C (Fig. 3.2b) caused 
the repulsive force barriers to increase substantially in magnitude. 
There is also an increase, although smaller, in the attractive forces. 
Flattening starts at a smaller repulsive force; this is probably due 
to softening of the glue with temperature. The positions of the 
maxima and minima do not coincide in Figs. 3.2a and 3.2b, possibly due 
to the uncertainty in the correction needed to account for the thermal 
expansion of mica [6]. Also, the accuracy of the force measurements 
is lower at the elevated temperature due to thermal drifts of the 
steel apparatus. 
The force between mica surfaces innnersed in cyclohexane is thus 
qualitatively similar to that in OMCTS. The force law is a decaying, 
oscillatory function of surface separation, the mean periodicity is 
0.56 ±0.02 nm (average of four experiments) and the range is 5-6 nm, 
or 9-11 periods. The periodicity is in good agreement with various 
estimates of the mean molecular diameter (see Table 3.3). 
The qualitative similarity between OMCTS and cyclohexane is not 
surprising - both molecules are cyclic and their overall shape is that 
of an oblate ellipsoid with a small degree of flexibility. One major 
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Figure 3.2: Force (measured force F normalized by the radius of 
curvature R) as a function of separation D between mica surfaces 
in cyclohexane in a different experiment, at 21 ± 0.5 °C (a) and 
41 ± 2 °C (b). The onset of visible surface flattening is 
indicated by arrows(+). The insets show the same force curves on 
a reduced scale. The dotted line shows the continuum van der 
Waals force calculated from Lifshitz theory in a non-retarded 
approximation. The Hamaker constant A= 1.1 x 10- 20 J (green 
mica). The remaining symbols are as in Fig. 3.1. 
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Liquid 
Tetrachloro-
methane 
Benzene 
Cyclohexane 
OMCTS 
Iso-octane 
Table 3.3 
Size Estimates (diameters in nm) 
Experimental 
Periodicity 
0.55 :t0 .02 
0.52 ±0.02 
0.56 ±0.02 
0.89 ±0.07 
0.5-0.8 
Spacing 
From X-Ray 
Diffraction 
0.58 [19] 
0 .56 - 0. 66 [20] 
0.43-0.66 [21] 
0. 44 - 0. 64 [21] 
From Gas 
Solubility 
0.53 [25] 
0.56 [25) 
0.65 [25] 
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From 
Diffusion 
Data 
0.58 [22] 
0.52 [23] 
0.55 [22] 
0.51 [23] 
0.55 [23] 
0.92 [22] 
0.79 [24] 
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difference, however, is that the repulsive force barriers at close 
range in cyclohexane are so large that it is impossible to force the 
surfaces into contact, which was not the case in OMCTS [2]. Further-
more, no change in periodicity with surface separation was evident for 
cyclohexane, although no information could be obtained for the inner-
most minima. 
Finally, it should be mentioned that Klein [7] has measured the 
force between mica surfaces in cyclohexane and found a monotonic 
attractive force. This result is almost certainly due to the presence 
of trace amounts of water - as discussed by Klein in Ref. 7. See also 
Chapter 4 and Ref. 2. 
3.3 BENZENE 
The force curve measured in one experiment with benzene is shown 
in Fig. 3.3. As for cyclohexane, the force law is an oscillatory 
function of surface separation, with the oscillations decaying rapidly 
and becoming too small to measure beyond 4.8 nm. The periodicity is 
approximately 0.5 nm and the oscillations are not sinusoidal in shape. 
Flattening starts at 3.3 nm from contact and at smaller surface 
separations the repulsive barriers become very large. The surfaces 
could not be forced closer than the force barrier at 1.3 nm, 
indicating the existence of another two barriers before contact. A 
total of ten oscillations thus seems likely. In Fig. 3.3, the 
continuum van der Waals force calculated from non-retarded Lifshitz 
theory is plotted as the dotted line (see Appendix). 
The results of a second experiment with benzene are presented in 
Fig. 3.4. The periodicity of the salvation force is again,...._, 0.5 nm, 
the range 4.6 nm and the innermost accessible force barrier at 1.5 nm. 
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Figure 3.3: Force as a function of separation be tween mica surface s 
in benzene. Symbols are as in Figs. 3.1 and 3.2. The Hamaker 
constant A = 1.4 x 10- 2 0 J (green mica). 
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Figure 3.4: Force as a function of separation between mica surfaces 
in benzene in a second experiment. 
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Only nine oscillations seem to be found in this case. The magnitude 
of the forces is similar, but they do vary by up to 30%. 
60 
A number of careful measurements of the force in the range 5-15 
nm (see Fig. 3.5) indicate that the force is weakly attractive in this 
regime and that it is in agreement with the predictions of Lifshitz 
theory. 
In a third experiment, similar results were obtained for the 
oscillatory force curve although few measurements were performed at 
close range. In this experiment the measuring chamber was filled with 
the surfaces in contact. This allows one measurement of the contact 
adhesion, which is otherwise inaccessible due to the large force 
barriers close to contact being insurmountable on approach. The value 
obtained was -64 mN/m, with an accuracy estimated at 10%. 
During the process of filling past the surfaces, the contact 
position was not observed to change. ~hen the same procedure is 
carried out with acetone (see Section 5.4), the contact position is 
seen to shift inwards (i.e. towards negative values with respect to 
contact in dry nitrogen) by 0.6-1.0 nm, suggesting that the 
physisorbed layer on the mica is dissolved in the polar acetone and 
sucked out from between the surfaces, causing them to move together. 
Apparently, this does not happen with benzene, indicating that the 
contact measured in dry nitrogen would be the true solid-solid contact 
for benzene and presumably also for other non-polar liquids. 
In summary, oscillatory salvation forces are found between mica 
surfaces in benzene. The periodicity is 0.52 ±0.02 nm (average of 
three experiments), in good agreement with the values of mean 
molecular diameters (Table 3.3), and the measurable range 9-10 
periods. The magnitude of the forces is slightly larger than in 
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Figure 3.5: Force as a function of separation between mica surfaces 
in benzene a-t long range ( > 5 nm) for the experiment shown in 
Fig. 3.4. Note the different force scale. The solid lines are 
the van der Waals force calculated from complete (ritarded) 
Lifshitz theory and from the non-retarded approximation. The 
(non-retarded) Hamaker constant A= 1.27 x 10- 20 J (brown mica). 
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cyclohexane, and beyond the range of measurable oscillations the force 
is weakly attractive. The molecular shape of benzene (a disc with 
diameter~ 0.7 nm and thickness 0.37 nm [8]) does not manifest itself 
in any clear way; the periodicity of the measurable oscillations, 
~ 0.5 nm, does not change with surface separation, within experimental 
error. 
3.4 TETRACHLOROMETHANE 
Fig. 3.6 shows the force curve measured in one of three 
experiments with tetrachloromethane. As for cyclohexane and benzene, 
there is an oscillatory salvation force, with a mean periodicity of 
0.5-0.6 nm and a range of 5.5 nm or about ten periods. Flattening 
starts at ~3 nm from contact and the surfaces could be forced no 
closer than 0.8 nm, suggesting one or possibly two additional layers 
of molecules between the surfaces. The non-retarded van der Waals 
force calculated from continuum Lifshitz theory is shown in Fig. 3.6 
by the dotted line. 
The results of a second experiment are plotted in Fig. 3.7. As 
can be seen, the force curve is similar except for the magnitude of 
the forces being smaller, or, alternatively, a shift in the curve 
towards D = _o by about one period. In this experiment the surfaces 
were left under a large load at the position of the innermost 
measurable force barrier for a period of fifteen hours. During this 
time the surfaces did not move, demonstrating that the force curve is 
an equilibrium force curve. 
The results of a third experiment (not shown) were similar, 
although no measurements at surface separations below 3 nm were 
performed. The mean periodicity in three experiments with tetra-
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Figure 3.6: Force as a function of separation between mica surfaces 
in tetrachloromethane. The dotted area in the inset corresponds 
to that part of the force curve covered by the main figure. The 
Hamaker constant A= 0.9 x 10- 20 J (brown mica). 
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chloromethane was 0.55 ±0.02 nm; again in good agreement with 
molecular diameter values (Table 3.3). 
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The force curves measured in cyclohexane, benzene and tetra-
chloromethane are thus seen to be qualitatively very similar. The 
extensive surface flattening and very large force barriers close to 
contact were not seen by Horn and Israelachvili with OMCTS, and it was 
therefore decided to repeat these measurements to determine whether 
this is a real effect or a result of impurities (e.g. water) in the 
liquid used in Ref. 2. 
3.5 OCTAMETHYLCYCLOTETRASILOXANE 
Three repeat experiments were performed with OMCTS; the results 
of one of these are presented in Fig. 3.8. The force curve is 
qualitatively similar to the earlier results of Horn and Israelachvili 
[2] but there is a major difference at close range. The magnitude of 
the forces is very much larger and extensive surface flattening occurs 
already at 4.2 nm, making the innermost force barriers difficult to 
reach. The periodicity in this experiment was 0.8-0.9 nm; the 
average of three experiments yields 0.89 ±0.07. In one experiment 
(not shown), the contact adhesion was measured using the same method 
as for benzene and a value of -74 mN/m (±10%) was obtained, close to 
the value of -68 mN/m obtained in Ref. 2. 
Horn and Israelachvili reported a mean periodicity (for 11 
periods) of 1.0 nm, with the four innermost oscillations having a mean 
periodicity of 0.85 nm. This change in periodicity with surface 
separation was attributed to differences in packing or molecular 
orientation. However, the value of 1.0 nm is too large for the mean 
molecular diameter of the OMCTS molecule and it seems more likely that 
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the value of the periodicity for the innermost oscillations gives the 
true periodicity and mean molecular diameter (compare values in Table 
3.3). For the experiments reported in Ref. 2, the 5 or 6 outermost 
oscillations occur in the purely attractive regime and their amplitude 
is so small that the method of locating the maxima and minima by 
instabilities (jumps) is rather inaccurate. 
The very much larger forces found in these experiments are almost 
certainly due to the more careful purification and water removal 
procedures adopted here. Unfortunately, this also means that, because 
of flattening occurring at larger surface separations, the innermost 
oscillations become inaccessible and less information can be obtained 
in this regime. 
3.6 n-OCTANE 
Th2 force-law measured inn-octane is very different from that of 
the preceding four liquids. The results of one experiment are plotted 
in Fig. 3.9 (main figure) . There is (qualitatively) a weak attraction 
at long range and at 6 nm from contact the surfaces encounter an 
instability and jump to the next stable region of the force curve, at 
1.5 nm. There, a force barrier is encountered, which is too large to 
measure accurately due to flattening, but the surfaces can be forced 
past it to a separation of 0.6 nm where an insurmountable force 
barrier is found. 
The results of a second experiment are shown in the inset to 
Fig. 3.9. Here a similar jump into small surface separations was 
found, but this time the first (outermost) force barrier encountered 
proved insurmountable. A third experiment (not shown) gave results 
similar to the second, but the insurmountable force barrier was at a 
-E 
" z E 
-
0::: 
" LL 
10 
0 
-10 
-20 
-30 
-L.O 
.,· 
.-· I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
l 
I 
I 
I 
I 
l 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
? 
. 
····· . . . .... 
--
10 
--
-- ' 
n-octane 
---
---
0 ~---+-+----+---+--~ 
--
-
-
.,,.. 
/ 
/ 
/ 
-10 
/ 
/ 
/ 
/ 
2 6 
2 3 4 5 6 7 
D (nm) 
Figure 3.9: Force as a function of separation between mica surfaces 
inn-octane. The inset shows the force curve obtained in a second 
experiment with n-octane. The Hamaker constant A= l.3 x 10- 20 J 
(green mica). 
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smaller surface separation. 
The position of the jump can be compared with the value expected 
if the force in this regime were described by non-retarded Lifshitz 
theory. Using equation (1.2) for the energy between flats and the 
Derjaguin approximation, one obtains for the force between curved 
surfaces 
F/R = A/6D 2 , (3.1) 
where Dis the surface separation, A the Hamaker constant and R the 
(mean) radius of curvature of the surfaces. At the position of the 
jump, the gradient of the force is equal to the spring constant, so 
k/R = A/3D 3 • (3.2) 
The three experiments yield values in the range O. 5-1 .1 x 10- 2 o J 
for the Hamaker constant; on the average slightly lower than the 
calculated value of l.2-l.3x10- 20 J (non-retarded). 
Inn-octane there is thus no long-range salvation force but the 
surfaces are prevented from coming into contact by one or two force 
barriers at close range. 
3.7 2,2,4-TRIMETHYLPENTANE 
The force curve obtained in one experiment with iso-octane is 
shown in Fig. 3.10. As with n-octane there is a jump into small 
surface separations, where a few force barriers are found. The number 
of measurable oscillations again varied from experiment to experiment, 
but the general features of the force curve were the same. The number 
of oscillations is not sufficient to provide a good estimate of the 
periodicity, but it is in the range 0.5-0.8 nm. 
20 
~ 
E 10 
~ 
z 
E 
-
0 
0::: 
.. •· 
"' 
. 
. 
. 
. 
. 
. 
. 
LL . . . I . . 
. 
. 
: 
: 
-10 : 
. 
' 
I 
1 
... 
. 
.. · I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
-
--
iso-octane 
C~3 H I 
CH···C c .. CH 3J ' / \ 3 
CH3CH2CH3 
2 3 4 5 
D (nm) 
6 7 
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A total of four experiments were performed with iso-octane, and 
calculating the Hamaker constant from the jump position using equation 
(3.2) yields values in the range 0.5-1.1 x10- 20 J, compared with the 
estimated, non-retarded value of 1.2-1.3 x10~ 20 J. 
3 . 8 DISCUSSION 
The six liquids in this study may be conveniently divided into 
two groups; the first consisting of those liquids showing long-range 
oscillatory salvation forces, viz. tetrachloromethane, benzene, 
cyclohexane and OMCTS , and the second consisting of n-octane and 
iso- octane, both of which exhibit only short-range solvation forces 
and purely attractive forces beyond a surface separation of 2 nm . The 
features of the force curves measured for these two groups of liquids 
will be discussed separately. 
The similarity between the force curves measured in the first 
four liquids is readily apparent; in each case the range of the 
oscillatory salvation force is about ten periods and the periodicity 
is within the range of experimentally determined average molecular 
diameters (see Table 3.3). 
Although there are rather large variations in molecular shape as 
well as other physical properties (Table 3.1), one feature shared by 
these four liquids is that the molecules are reasonably rigid. 
Benzene and tetrachloromethane are completely rigid and cyclohexane 
and OMCTS can undergo only very restricted changes in conformation 
which do not significantly affect their overall shape. 
The similarity between the four liquids becomes rather striking 
when one plot~ the force as a function of a reduced surface separation 
D/o, where o is the mean periodicity of the oscillations. In Fig. 
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Figure 3.11: Approximate location of force profiles as a function of 
reduced separation D/o for liquids showing long-range solvation 
forces. The areas marked a show the location of the force 
profiles for cyclohexane (excluding the experiment shown in 
Fig. 3.1), tetrachloromethane and OMCTS. The areas marked b show 
the location of the force profiles for benzene (3 experiments). 
The force profile is obtained by joining adjacent maxima and 
adjacent minima • 
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3.11, the areas within which the force profiles are to be found for 
tetrachloromethane, cyclohexane and OMCTS (a) and benzene (b) have 
been plotted against the reduced surface separation. The force 
profiles are obtained by constructing one curve through all the maxima 
and one through all the minima. 
As can be seen, the magnitude of the forces, particularly the 
repulsion, is greatest for benzene, whereas for tetrachloromethane, 
cyclohexane and OMCTS, the force profiles essentially overlap and 
variations from experiment to experiment with the same liquid are as 
great as any differences between the liquids, although the repulsive 
barriers seem to be slightly larger in tetrachloromethane than in 
cyclohexane and OMCTS . The reason why benzene seems to exhibit larger 
forces is not clear . One possible explanation, related to the water 
content, will be considered in Section 4.6. Furthermore, for all four 
liquids the peak-to-peak distance or amplitude of the oscillations 
shows an essentially exponential decay, with a similar decay length 
when plotted on a reduced distance scale. This is shown in Fig . 3.12, 
together with values obtained by Horn and Israelachvili for OMCTS. 
The decay length depends somewhat on whether a peak-to-peak amplitude 
is taken as the distance between a minimum and the preceding maximum 
or the distance between a minimum and the following maximum, but it is 
of the order of l~- 2 molecular diameters. At the surface separation 
at which the surfaces start to flatten due to deformation of the glue, 
there is a break in the exponential decay and the slope increases in 
magnitude. Without attaching any theoretical significance to the 
magnitude of the decay length, one can nevertheless claim that the 
concept of such a decay length is useful as it gives a measure of the 
range" of the force. 
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Figure 3.12: The peak-to-peak amplitude as a function of reduced 
surface separation, plotted on a logarithmic scale, for liquids 
showing long-range solvation forces. The peak-to-peak amplitude 
was taken as the difference between a maximum and the adjac~nt 
minimum at a smaller surface separation. a are points calculated 
from Fig. 3 of Ref. 2 (Horn and Israelachvili), o are from 
Fig. 3.8, • are from the experiment shown in Fig. 3.1, o from that 
shown in Fig. 3.2 (at 21 °C), 6 from Fig. 3.3 and x from Fig. 3.6. 
Exponential decay lengths are: OMCTS - 1.2 ( m) and 1.4 (D); 
cyclohexane - 2.0 (•) and 1.6 (o); tetrachloromethane - 1.7 ( x ) 
and benzene - 1.5 (6) in units of o . 
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In Fig. 3.12 the peak-to-peak amplitude obtained in one 
experiment from Ref. 2 has also been plotted. Even though much 
smaller forces were measured, due to higher water content of the 
liquid, the decay length is very nearly the same as obtained here. 
The same is true for the two cyclohexane experiments shown, one of 
which may have been performed with a liquid of higher water content. 
This fact, that the decay length seems to be independent of the water 
content, was noted by Horn and Israelachvili [2]. 
In constructing Fig. 3.12 there is some uncertainty in assigning 
the periods and it has been drawn on the assumption that the innermost 
accessible minimum for tetrachloromethane is the first, not counting 
contact. 
The results with cyclohexane at 41 °C show once again [2] that 
the oscillatory salvation forces are not markedly temperature 
dependent. This, together with the fact that there seems to be no 
direct relation between the melting point of the liquid and the nature 
of the salvation forces (Table 3.1), demonstrates conclusively that 
the measured forces are not a result of some surface-induced 
"pre-freezing" of the liquid. 
Although the force curves for these four liquids bear no 
resemblance to the continuum van der Waals force the force at surface 
separations beyond the range of measurable oscillations is attractive. 
In benzene, at least, the measured values are consistent with the 
force predicted by retarded Lifshitz theory. There is thus reason to 
believe that Lifshitz theory provides an accurate description of the 
forces in the limit of large separations. 
The experimental resolution does not, however, allow one to 
determine whether small modulations in the force curve persist to 
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these surface separations (5-20 nm). The force curve may be monotonic 
even if its derivative is not. 
Furthermore, the experimentally obtained values of the contact 
adhesion in both OMCTS and benzene are in agreement with those 
predicted by Lifshitz theory. For both liquids the mica-liquid-mica 
Hamaker constant A is 1.4 x 10- 20 J, and using a "cut-off" distance of 
0.2 nm, which has previously been found to give good estimates of 
surface energies [9,10], the adhesion force F, given by equation 
(3.1), becomes 58 mN/m. This value is of course critically dependent 
on the rather arbitrary "cut-off" distance but there is nevertheless 
at least semi-quantitative agreement with the experimentally obtained 
values of 74 mN/m and 64 mN/m for OMCTS and benzene respectively. 
The force curves obtained for n-octane and iso-octane are 
obviously different from those of the four liquids consisting of rigid 
molecules. The iso-octane molecule is fairly compact and can be 
roughly approximated by a prolate ellipsoid, in contrast to the 
totally flexible chain of then-octane molecule. However, both have 
free rotation about all bonds and even though, for iso-octane, only 
one of the rotations, about the bond between carbon atoms 3 and 4, 
changes the shape of the molecule significantly, this relatively small 
degree of flexibility is apparently sufficient to destroy any 
"structure" at surface separations greater than the equivalent of 2-4 
layers. The iso-octane molecule is asymmetric and this may also 
influence the layering of the molecules between the surfaces ·by making 
the formation of an ordered structure more difficult, in the same 
manner as the very low melting point of iso-octane is caused by its 
molecular asymmetry. Then-octane molecule, being able to take up a 
variety of conformations, would have no difficulty in filling the 
J 
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space between the surfaces at an arbitrary surface separation greater 
than the equivalent of one or two molecular layers. 
Although there is a large variability in the measured values of 
the jump distance for both n-octane and iso-octane, the calculated 
Hamaker constants are within 50% of the theoretically predicted 
values, if one takes into account the fact that retardation would 
significantly reduce the value of the Hamaker constant even at surface 
separations of 5-6 nm. It is, however, not possible to accurately 
calculate the value of the retarded Hamaker constant from the jump 
distance (see Appendix and Ref. 11) because the theoretical force is 
not described by the simple form F/R = -A/6D 2 • 
The large variability in the results at close range for n-octane 
and iso-octane is somewhat puzzling. It may be that the very small 
amounts of water or other surface-active contaminants present in the 
liquids have a greater influence on the forces at very small, i.e. 
monolayer, separations (that are inaccessible with the other liquids). 
3.9 COMPARISONS WITH THEORY 
The results for the four liquids cyclohexane, benzene, tetra-
chloromethane and OMCTS are qualitatively similar to the results of 
recent computer simulations on Lennard-Jones fluids [12-13] (see 
Section 1.4). It is difficult, however, to make quantitative 
comparisons as there are problems in relating the densities and other 
parameters used in simulation studies to the corresponding values for 
real systems. Furthermore, the experimentally obtained force curves 
give, via the Derjaguin approximation, the energy per unit area 
between flat surfaces, whereas the computer simulations give the force 
between flat surfaces. To compare the two it would be necessary to 
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integrate the force curves obtained from the simulation studies - to 
differentiate the experimental curves is not possible as large parts 
of them are inaccessible. Also, in practice, elastic surface 
deformations and minute amounts of dissolved water or other 
contaminants are always present; these affect forces measured between 
real surfaces in real liquids and detailed comparison with theories 
based on more idealized models is further complicated. 
A case in point is the difference in the shape of the 
oscillations between that found experimentally and theoretically. 
Theory predicts smooth oscillations of near sinusoidal shape, whereas 
one measures oscillations that are clearly asymmetric, at least at 
small surface separations where the magnitude of the repulsive forces 
is large. At this stage the surfaces are clearly deformed or 
flattened, and although the deformation is related to the magnitude 
and slope of the repulsive forces, it is not obvious just what is the 
cause and what is the effect. Is the flattening simply induced by the 
steepness of the repulsive force barriers, or does the flattening also 
cause the force barriers to appear steeper? Using the Derjaguin 
approximation (equation 2.16), it is readily realised that, as the 
surfaces flatten, one is no longer measuring the energy between flats, 
but something approaching the force between flats. When the flattened 
area is large enough that one can safely neglect the interaction 
between the curved surfaces away from contact, the situation has 
changed completely and the measured values are actually the forces 
between flat surfaces. Apart from a consequent change in the 
magnitude of the curve, there is also a shift in relative position as 
one goes from measuring the energy to its derivative, the force. For 
an oscillatory energy curve, the derivative (the force curve) would 
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also be oscillatory but the maxima would be shifted outwards and 
correspond to the points of largest slope on the energy curve. Such a 
transition may well lead to an apparent greater steepne ss of the 
measured curve. 
3.10 CONCLUSIONS 
These results show that oscillatory solvation forces between 
smooth (solid) surfaces in non-polar liquids are to be expected 
whenever the molecules are sufficiently rigid. Beyond the range of 
measurable oscillations (about 10), the force is weakly attractive and 
consistent with the predictions of continuum Lifshitz theory. For 
more flexible molecules, the surfaces are also prevented from coming 
into contact by a few layers of molecules which are not easily 
squeezed out. In this case, the transition to the regime where 
continuum theory is valid may take place at smaller surface 
separations. 
Differences in molecular shape and various other physical 
properties are of minor importance in determining the nature of 
solvation forces, and the forces are not markedly temperature 
dependent. 
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-4.1 INTRODUCTION 
CHAPTER 4 
EFFECTS OF WATER ON THE FORCES 
IN NON-POLAR LIQUIDS 
The dramatic effects of trace amounts of water on the forces 
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between mica surfaces in octamethylcyclotetrasiloxane were noted by 
Horn and Israelachvili [l]. Water was introduced by absorption from 
saturated water vapour, and during the process of equilibration the 
oscillatory salvation forces were found to shift downwards along the 
force axis, with a concomitant increase in the peak-to-peak amplitude. 
At saturation, the force was everywhere attractive and a jump into 
contact took place. The contact adhesion increased by a factor of 
seven from that obtained in the "dry" liquid. Horn and Israelachvili 
interpreted these results in terms of some effect of surface adsorbed 
water, and hinted at the possibility of water bridges forming between 
the surfaces [l]. 
The experiments discussed in this chapter were undertaken in 
order to investigate the effect of dissolved water on the forces 
between mica surfaces in non-polar liquids, specifically those treated 
in Chapter 3. Water was introduced either by equilibration through 
vapour with a droplet (approximate volume 0.05-0.10 cm 3 ) of non-polar 
liquid between the surfaces, or by direct dissolution in the liquid, 
either before or after filling the measuring chamber. In the former 
case (equilibration through vapour), the relative water content can be 
accurately controlled by the isopiestic method; i.e. equilibration 
with electrolyte solutions of known concentration. The relative water 
--
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vapour pressure over these, and hence (Section 4.2) the relative 
degree of saturation, was calculated from tables of osmotic 
coefficients [2]. Equilibration by direct dissolution was found to be 
extremely slow in the absence of an efficient stirring mechanism and 
even when moderate mixing was achieved by bubbling nitrogen through 
water and then through the filled measuring chamber, even with bulk 
water added, the equilibration time was many hours. 
A number of experiments where the water content was varied from 
0% to 100% of saturation was performed with OMCTS. In order to obtain 
measurements in water-free OMCTS, phosphorous pentoxide (PO) was 
2 5 
introduced into the measuring chamber, with only a droplet of OMCTS 
between the surfaces. The vapour pressure of water in equilibrium 
with excess P 2 0 5 is virtually zero [3], ensuring that the liquid in 
this case was indeed as dry as possible. Solutions of lithium 
chloride or sodium chloride in water were used to obtain results at 
relative degrees of saturation ranging from 17% to 100% (equilibration 
with pure water). The results of these measurements are described in 
Section 4.3, but in order to facilitate their presentation some of the 
observations must be disclosed at this stage. At high relative 
degrees of saturation, condensation of bulk water around the contact 
zone takes place, and the situation is entirely analogous to that of 
capillary condensation from vapour. Because of the slow diffusion of 
water in non-polar liquids [4], however, significant time-dependent 
effects are observed, contrary to the case of capillary condensation 
from vapour. Section 4.2 contains a discussion of capillary 
condensation of one sparingly soluble liquid from another together 
with some relevant experimental methods of observation of this 
phenomenon. 
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Qualitative observations on the force in other non-polar liquids 
(i.e. cyclohexane, benzene, tetrachloromethane, n-octane and 
iso-octane) containing water, together with measurements of adhesion 
values, are presented in Section 4.4. In the following section, 4.5, 
some preliminary results of measurements with other binary mixtures 
are given and finally, the results are discussed in Section 4.6 and a 
tentative explanation offered, although it must be stressed that the 
results are by no means conclusive and there remains a great deal of 
work to be done. 
4.2 CAPILLARY CONDENSATION OF ONE LIQUID FROM ANOTHER 
The Kelvin equation describes the variation in vapour pressure 
over a liquid meniscus with the curvature of the interface. In its 
simplest form the relation is 
= J:j_ 
r ' 
( 4 .1) 
where p and p are the vapour pressure and vapour pressure at 
s 
saturation respectively, Vis the molar volume of liquid, y is the 
surface tension and r 1 ,r 2 are the principal radii of curvature of the 
meniscus. This equation predicts a reduced vapour pressure over 
concave menisci (r negative) and an increased vapour pressure over 
convex menisci (r positive) and has been experimentally verified for 
small droplets (5). Attempts to test the validity for concave 
menisci, i.e. capillary condensed liquids, have been fraught with 
dificulties (6), but Fisher and Israelachvili have recently verified 
equation (4.1) for condensation of organic vapours around mica 
surfaces in contact (7), employing techniques similar to those 
discussed in this chapter. 
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The Kelvin equation is derived from the Laplace equation and, in 
the form given by equation (4.1), assumes ideal behaviour of the gas 
phase. It has also been used to explain the enhanced solubility of 
small crystals [8] and should similarly describe the solute activity 
in equilibrium with a liquid meniscus of a solute in a solvent as a 
function of meniscus radius. No direct mention of this seems to have 
been made in the literature, but capillary condensation of a liquid 
from a solution of two liquids with a solubility gap should occur at 
concentrations well below saturation and this turns out to be the 
cause of the large increase in contact adhesion for mica surfaces in 
non-polar liquids close to saturation with water. 
The solubility of water in non-polar liquids is very low (see 
Table 3.2) and at such concentrations, water is monomeric and obeys 
Henry 's law [9,10] 
= k•x 
w ' 
(4.2) 
where p is the vapour pressure of the solute (water), x the mole 
w w 
fraction of solute (water) and k is a proportionality constant. Since 
the mole fraction is proportional to the molarity at low 
concentrations, the water activity is proportional to the vapour 
pressure of water over the solution, and, since unit activity occurs 
for a saturated solution (p = p ), equal to the degree or fraction of 
w s 
saturation (x /x ). The chemical potentialµ of the dissolved water 
w s w 
can hence be expressed as 
= µ 0 +kT ln(x Ix ) 
w w s 
= µ 0 + kT ln a , 
w w 
(4.3) 
where a is the water activity and µ 0 is the chemical potential of 
w w 
bulk water, equal to the chemical potential of water in a saturated 
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solution. 
The Kelvin equation for the solute activity in a solvent thus 
reads 
RT lna 
w 
r 1 1] 
= Vy, t- + - ' 
1 .r 1 r 2 
(4.4) 
where y, is now the interfacial tension between the two liquids. 
1. 
The configuration of the mica surfaces is equivalent to a sphere 
on a flat, and ,a cross-section of the surfaces, as sampled by the 
interference fringes, is shown in Fig. 4.1. (Flattening of the 
surfaces has not been included.) Close to saturation, water can 
condense around the contact zone, forming an annulus of bulk water. 
Provided the contact angle 8 of the water on the mica (in the 
non- polar liquid) is small , the meniscus radius r 1 is just half the 
distance h . The second principal radius r 2 is several orders of 
magnitude larger and equal to x. (l/r 1 +l/r 2 ) can thus to a very good 
approximation be replaced by l/r 1 and all one needs to do to obtain 
the meniscus radius is to measure the distance between the surfaces at 
the position of the meniscus. This can be done experimentally in 
three ways: 
i) at the position of the interface, there is a discontinuity in 
the refractive index and hence a discontinuity in the fringes 
(visible only on the even order fringes for small values of r 1 -
see Section 2.7 and Fig. 4.2c). However, because of the small 
refractive index difference between water and most of the 
non-polar liquids, this method is only good for large meniscus 
radii - at smaller values of r the discontinuity is difficult 
l 
to see on the even fringes as well. 
ii) the interface can be . seen visually, from above, through a 
.c 
I 
0:: 
.c 
R 
Figure 4.1: The crossed-cylinder configuration of the mica surfaces 
is equivalent to a sphere on a flat. A cross-section of the 
surfaces with a condensed annulus of liquid is shown schematically 
in this equivalent configuration. R is the mean radius of 
curvature of the surfa.ces, r 1 and r 2 are the radii of curvature of 
the meniscus at the interface between the condensed liquid and the 
surrounding liquid, and 8 the contact angle of the condensed 
liquid on mica in the surrounding liquid. Typically R = 1 cm, 
r 2 = 10- 3 cm and r 1 = 10-
6 cm. 
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microscope as a thin line around the contact zone, and by 
measuring the diameter of this circular interface and 
correlating this value with the corresponding lateral diameter 
as measured from the fringes the distance between the mica 
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surfaces at the position of the interface can be obtained. This 
method is not very accurate at any surface separation. 
iii) contrary to the case with liquid bridges in vapour - if the 
surfaces are separated using a rigid support, in which case no 
jump apart takes place [7], the bridges "evaporate" or dissolve 
extremely slowly. By separating the surfaces a given distance 
and measuring the diameter of the neck, now easily visible on 
the fringes (see Fig. 4.2d), the volume of this bridge can be 
determined. The volume at contact is independent of the contact 
area and given by 
(4.5) 
(assuming the shape of the surfaces is equivalent to that of a 
truncated sphere on a flat and r 1 ,r 2 <<R) which enables the 
meniscus radius r 1 to be calculated, assuming the volume is 
constant during separation. Equation (4.5) is easily derived 
using elementary integration techniques. 
Because of the slow dissolution of the bridge, the method used by 
Fisher and Israelachvili cannot be used [7]. 
The force between the surfaces at contact in the presence of an 
annulus of water is given by [11] 
F = 4nRy .cos8 +4nRy +2nRy.sin¢ sin(8 + ¢), 
l s l 
(4.6) 
where the symbols are as in Fig. 4.1, with y
8 
being a term to account 
a 
b 
--
C 
---
d ( 
surfaces fringes 
Figure 4.2: The shape of the surfaces (in the sphere-on-a-flat 
configuration) and how it is reflected by the appearance of the 
interference fringes. a) flat, adhesive contact - note the sharp 
bifurcations on the fringes; b) adhesive contact with trapped 
lenses of liquid; c) .rounded contact due to presence of a 
capillary condensed annulus - note discontinuity on even order 
fringe (right); d) surfaces with bridge of liquid connecting the 
two surfaces. (At large surface separations the discontinuity 
appears on both odd and even order fringes.) 
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for the direct solid-solid interaction inside the liquid annulus. As 
¢ is of the order of 10- 3 and 8 is also small, the third term in 
equation (4.6) is negligible and may be disregarded. In most cases, 
when y. is very large, the second term is small by comparison and the 
l 
"pull-off" or adhesion force should be given approximately by 
F = 4nRy. cos8 . 
l 
(4.7) 
The contact angle 8 of water on mica in non-polar liquids was 
observed to be small, of the order of 10 degrees or less. Literature 
values [12,13] are somewhat higher, 15-25 degrees for the non-polar 
liquids studied here, but these were obtained with mica cleaved in the 
non-polar liquids, thus avoiding surface adsorption onto the mica from 
air. 
The validity of equation (4.7) for a liquid annulus in vapour, 
where Y. is replaced by Y, the surface tension, has been verified by 
l 
McFarlane and Tabor [14]. 
Evidence of the presence of an annulus can thus be obtained by 
observing discontinuities on the fringes; either in contact, or after 
separation if a rigid support is used. The adhesion force can only be 
measured with a normal spring, but a rigid support also allows the 
refractive index of the liquid in the bridge to be measured after 
separation of the surfaces. 
4.3 FORCES IN OMCTS AS A FUNCTION OF WATER ACTIVITY 
The force curve measured in OMCTS in equilibrium with P
2
0
5
, after 
an equilibration time of four hours, is shown in Fig. 4.3 (solid 
curve). For comparison, experimental points obtained immediately 
after the introduction of P2 0 5 have also been plotted (open points). 
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Figure 4.3: Force as a function of sepa~ation between mica surfaces 
in water-free OMCTS (in equilibrium with phosphorous pentoxide). 
Open points were measured one hour after introduction of P2 0 5 , 
filled points were measured three hours later. Note the large 
increase in especially the magnitude of the repulsive forces. 
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As can be seen, the removal of water causes an increase in the 
magnitude of the forces at the minima and particularly the maxima. 
These curves should be compared with the earlier results of Horn and 
Israelachvili [l] and the results shown in Fig. 3.8. It is clear that 
the greater the precautions taken to remove water, the larger the 
amplitude of the oscillatory salvation forces. In a separate 
experiment an equilibration time of forty hours was allowed, but the 
measured forces were essentially the same as after four hours in this 
experiment, indicating that this is indeed the force in water-free 
OMCTS. 
At a water activity of 0.17, · the force curve plotted in Fig. 4.4 
was obtained. The magnitude of the forces at the minima - and maxima 
has been greatly reduced and the results for sepa~ations) 3 nm are 
comparable to those obtained by Horn and Israelachvili in their "dry" 
liquid. A new feature, however, is observed at a surface separation 
of 2 nm . After surmounting the force barrier at 3 nm, the surfaces 
stop at 2.1 nm and, after a few seconds, flatten; indicating a 
sudden, large increase in the adhesion. In spite of this, the 
surfaces do not, within experimental error , move closer together 
during this process ! The adhesive force measured on separation is 
very large and depends on the time in contact, varying from 120 mN/m 
on immediate separation to 155 mN/m after a few minutes. It was not 
possible to separate the surfaces before the large adhesive force was 
"switched on" - any attempt to do so merely resulted in adhesive 
flattening. 
No such effect was noticed by Horn and Israelachvili in the 
absence of added water, even though most of their experiments were 
also with a droplet only, but the important difference between their 
10----.-----.----r-----------.---------------
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Figure 4.4: Force as a function of separation between mica surfaces 
in OMCTS with a water activity of 0.17. The magnitude of the 
force at the minima and maxima has decreased considerably for 
surface separations~ 3 nm. The adhesion measured at 2.1-2.2 nm 
was 120-150 mN/m. 
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experiments and this one is that while the water activity in both 
cases may have been similar there was no infinite reservoir present in 
their experiments. The fact that a time of a few seconds is required 
for the increase in the adhesion to occur indicates that a 
diffusion-controlled process is operating. If water has to diffuse 
into the contact zone to cause the large increase in the adhesion, the 
rate of this process would be dependent on the size of the reservoir 
of water . 
At intermediate water activities (0.40-0.80) there is further, 
strong evidence of time- dependent effects. Although there are still 
some remnants of attractive minima in the range 3- 6 nm, the repulsive 
maxima are close to the zero-force line because the surfaces are 
observed to encounter instabilities and jump together from varying 
positions in the same range (3-6 nm) of surface separations. At this 
stage, the surfaces still do not come into ''molecular contact'', but 
usually stop at a separation of about 1 nm, where adhesive flattening 
takes place . Again, this flattening is usually observed to take place 
comparatively slowly, with the contact diameter growing over a period 
of a few seconds . By contrast, when jumps into adhesive minima take 
place in pure non-polar liquids, flattening is observed to be 
instantaneous. Furthermore, the shape of the fringes is often 
observed to depend on the rate of approach of the surfaces. If these 
are allowed to come together slowly, under their own, attractive 
force, the contact zone is usually flat, or exhibits a bulging shape, 
with the surface separation being greater in the middle by as much as 
1 nm. If the surfaces are pushed together rapidly, with the stepping 
motor, the contact zone often exhibits a very wavy profile, indicating 
that lenses of liquid have been tr a pped between the surfa ces (see Fig • 
4.2b). With time, these lenses are observed to be pushed out or 
coalesce and eventually the shape of the contact zone becomes flat. 
In both cases, the adhesion is somewhat time-dependent, increasing 
slightly with time in contact. 
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At the higher water activities in this range("' 0.80), the 
surfaces often come into molecular contact, i.e. at negative values 
with respect to contact in dry nitrogen. This indicates that the 
physisorbed layer on the mica (see Section 3.2) has been removed. The 
shape of the fringes now shows that contact is extremely strongly 
adhesive, with sharp bifurcations of the surfaces at the edge of the 
contact zone (see Fig. 4.2a). 
If at this point the water is removed from the OMCTS by replacing 
the electrolyte solution in the chamber with P2 0 5 , the oscillatory 
salvation forces re-emerge and the measured force curve is again 
similar to that shown in Fig. 4.3. 
At water activities above 0.80, no structure is observed and the 
surfaces jump into contact from separations of 5-8 nm. The separation 
at which the surfaces jump together is highly variable and depends on 
the previous history of the surfaces, i.e. it occurs further out if 
the surfaces have recently been in contact. 
At these concentrations there are clear signs that condensation 
of bulk water around the contact zone takes place. The fringe profile 
changes and becomes more rounded at the edges of the contact zone (see 
Fig. 4.2c), indicating that there is no longer an abrupt cha~ge in the 
force where the surfaces bifurcate. If the surfaces are separated 
using a rigid support, a bridge of water is now clearly seen between 
the surfaces (see Fig. 4.2d), and at higher relative degrees of 
saturation, the annulus of liquid beomes sufficiently large for the 
discontinuity to be visible on the fringes while the surfaces are 
still in contact and can now also be observed directly through the 
microscope . At this stage the adhesion is no longer (markedly) 
time-dependent and the pull-off force has reached its maximum value 
well before saturation is achieved. 
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The inverse meniscus radius r (= r 1 ) as a function of the 
logarithm of the water activity has been plotted in Fig. 4.5. As can 
be seen, the values obtained are invariably larger than those expected 
from the modified Kelvin equation (4.4), although they do show the 
same trend. 
A larger meniscus radius would be measured if there were a thick 
water film adsorbed on the mica close to saturation, as does occur for 
water condensing from vapour on quartz surfaces [15]. This 
possibility was ruled out by the following observation: If the 
surfaces are separated, the annulus becomes a bridge connecting the 
two surfaces and when this bridge or neck breaks at some large surface 
separation, a lens of water is left on either surface. These lenses, 
like the bridges, are very stable towards dissolution and do not 
spread, but are clearly visible through the microscope or on the 
fringes, indicating a non-zero contact angle. Furthermore, the 
refractive index of the non-polar liquid between the surfaces, in the 
absence of a bridge, was measured for water activities of up to 0.96, 
and no deviations from the bulk value were observed (see Table 4.1), 
indicating that no thick water film is present at these water 
activities . The measurements do not, however, preclude the existence 
of a thin film, perhaps as thick as three molecular layers, or the 
presence of discrete water clusters on the surfaces. 
The refractive index of the liquid in the bridge is always higher 
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Figure 4.5: Logarithm of the water activity as a function of inverse 
meniscus radius for water condensing from OMCTS (solid bars) and 
from 1-methylnaphthalene (dashed bars). The lines are the 
theoretical relations predicted by the modified Kelvin equation 
(4.4) for OMCTS (solia line) and 1-methylnaphthalene (dashed 
line). The experimental values give a considerably larger than 
expected radius (smaller magnitude of -1/r) for a given water 
activity. 
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Table 4.1 
Refractive Index as a Function of Water Content 
Water Activity 
0 
0.75 
0.91 
0.96 
Literature value, n;o 
water-free [22] 
OMCTS; D = 31 nm 
A= 560 nm 
1.398±0.011 
1.398 ± 0 .005 
1.393 ±0.013 
1.396 ±0.012 
1.3968 
1-MeNa; D = 26 nm 
A= 550 nm 
1.615±0.009 
1 • 617 ± 0. 007 
1.614 ±0.006 
1.615 ±0.007 
1.6170 
than that of bulk water, values of the order of 1.40 being measured 
for small meniscus radii(,..,_, 10 nm), and only tends to the value of 
bulk water as the radius becomes very large(~ 100 nm). 
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In view of the above observations, it is clear that the liquid in 
the annulus is not bulk water, but must contain dissolved substances. 
The solubility of OMCTS is not expected to be large enough to give any 
measurable deviations - the solubility of non-polar liquids in water 
is very low, even for benzene, which shows unusually high water 
solubility, it is less than 0.02 M (0.2% by weight). This could be 
either potassium ions from the mica surface or the physisorbed layer 
on the surfaces, which is known to dissolve in water [16]. Either or 
both of these would explain the larger than expected refractive index 
as well as the deviations between the observed and predicted meniscus 
radii. The solute lowers the activity of the water in the annulus and 
thus causes equilibrium to occur at a larger radius because a smaller 
reduction in water activity due to the curved meniscus is required. 
The rate of dissolution of the bridges or lenses, while mainly due to 
the slow diffusion of water, may be further decreased by the presence 
of solute. 
Additional support for the presence of ionic species in the water 
annulus is provided by the observation that the contact position tends 
to move out at higher water activities, sometimes again becoming 
positive with respect to contact in dry nitrogen. This suggests that 
there is a short-range repulsive force operating within the condensed 
annulus, such as the hydration force expected if the water contains 
significant amounts of ions (such as potassium ions from the mica 
surface) [16,17]. 
One experiment was performed with 1-methylnaphthalene (1-MeNa) at 
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varying water activities. The force in pure 1-methylnaphthalene was 
not measured, other than to qualitatively note a large force barrier 
at 3 nm, indicating the probable existence of long-range oscillatory 
salvation forces. This liquid was chosen because its high refractive 
index (1.61) makes the observation of discontinuities on the fringes 
much easier than with OMCTS. 
Some values obtained for the refractive index at varying 
concentrations of water are shown in Table 4.1 and a few values of the 
meniscus radius are plotted in Fig. 4.5. The results confirm the 
observations with OMCTS - no thick water film, and a meniscus radius 
larger than that predicted by the modified Kelvin equation. 
4.4 FORCES IN OTHER NON-POLAR LIQUIDS IN THE PRESENCE OF WATER 
The effect of water on the forces in the remaining non-polar 
liquids studied in Chapter 3 (cyclohexane, iso-octane, benzene, 
n-octane, and tetrachloromethane) was examined in a more qualitative 
manner. Attention was focussed on obtaining values of the maximum 
adhesion force at or close to saturation. Comparisons were made 
between the features observed when water was introduced by 
equilibration through vapour and when it was dissolved directly in the 
liquid with the measuring chamber filled. 
The maximum adhesion values obtained for the liquids have been 
tabulated in Table 4.2. The interfacial tension obtained by assuming 
the relation (4.7) to be valid, with cos8 = 1, has also been given, 
together with literature values of the interfacial tension. 
The experimentally obtained values of the adhesion are always 
lower, but sufficiently close to suggest that the pull-off force is 
indeed related to the interfacial tension. Several factors may 
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Table 4.2 
Final Adhesion in Binary Mixtures 
Solvent Solute F/R, mN/m F/4nR, mJ/m 2 y, mJ/m2 (lit) 
OMCTS water 464 ± 40 [23] 37 ± 3 40 ± 1 [24] 
1-MeNa water "'365 "' 2 9 
Benzene water 387 - 436 31 - 35 35 [25] 
n-Octane water "'528 "'42 51 [25] 
!so-octane water "' 59 6 "' 47 
Cyclohexane water 534 - 583 43 - 46 50 [25] 
Cyclohexane glycol 70 - 90 6 - 7 14 [26] 
Cyclohexane glycerol 75 - 104 6-8 
--
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account for the difference. Firstly, the error in measuring the 
radius of curvature, which has not been taken into acount, is of the 
order of 10% and this would give a similar error in the experimental 
values of the interfacial tension. Secondly, any slightly surface 
active contaminants in the water annulus would tend to lower the 
interfacial tension. (Electrolytes would increase the interfacial 
tension, although to a much lesser extent.) Thirdly, any repulsive 
interaction within the water bridge, such as double-layer or hydration 
forces, would give a very small but negative contribution to the third 
term in equation (4.6). Inclusion of the contact angle term, which 
has been assumed to be unity (i.e. · cos8 = 1), would also tend to lower 
the measured value if the contact angle is markedly diffe-rent from 
zero. Nevertheless, the fact that the obtained values of the 
interfacial tensions are close to the literature values tends to 
confirm the validity of equation (4.7) and thereby the Laplace 
pressure relation for a liquid-liquid interface. 
Qualitatively, the observations with all these non-polar liquids 
confirm the results of the quantitative measurements with OMCTS. As 
the water content increases (during the equilibration process), the 
oscillatory salvation forces diminish in magnitude and the surfaces 
come into contact at progressively smaller surface separations. The 
change in the shape of the surfaces with increasing water 
concentration is similar to that found with OMCTS, and at 
concentrations close to or at saturation condensation of water around 
the contact zone is observed, and the force is purely attractive at 
finite surface separations. 
Two experiments with cyclohexane were performed with direct 
dissolution of water, and here the adhesion forces showed a very 
103 
significant time-dependence. After equilibration for 72 hrs, with 
intermittent stirring by bubbling nitrogen saturated with water vapour 
through the chamber, the adhesion on immediate separation was 120 
mN/m, while after one hour in contact it had risen to 314 mN/m. No 
such large discrepancies were found when equilibration was achieved 
through vapour with a droplet. 
In experiments with iso-octane and tetrachloromethane, the 
liquids were pre-equilibrated with water by distilling them with water 
and stirring overnight. In this case no immediate change in the 
forces from those measured in the dry liquids were obvious, even after 
one hour and with a reservoir of bulk water in the chamber. Only 
after eighteen hours was a very large adhesion at contact measured in 
iso-octane. 
These results further confirm the effect of water is dependent on 
time of diffusion. With a droplet between the surfaces and an 
(essentially) infinite reservoir in the vapour phase, the contact 
adhesion shows only slight time-dependence at a given concentration 
because water is able to diffuse rapidly into the contact zone when 
the surfaces are pushed together. The effect is not instantaneous but 
does take a time of the order of seconds. 
With the measuring chamber filled with liquid the rate of 
diffusion of water through the non-polar solvent limits considerably 
the rate of attainment of the maximum effect, and even when the liquid 
is essentially saturated the contact adhesion is markedly dependent on 
time in contact. Similarly, no annulus of condensed liquid has been 
observed with the measuring chamber filled, because the growth of such 
an annulus would be limited by the very slow diffusion of water. 
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4.5 FORCES IN OTHER BINARY MIXTURES 
Some very preliminary measurements of the forces in a number of 
other binary mix tures were also made. Firstly, in order to test 
whether or not the effect of water on the forces in non-polar liquids 
is mimicked by other polar, sparingly soluble, solutes, the contact 
adhesion was measured in cyclohexane when ethylene glycol 
(1,2-ethanediol) and glycerol (1,2,3-propanetriol) were added. In the 
first case equilibration was achieved through vapour with a droplet of 
cyclohexane between surfaces. The oscillatory salvation forces 
disappeared and the adhesion at contact rose to 90 mN/m. The contact 
position was not measured accurately. Glycerol was added by direct 
dissolution, and time- dependent effects similar to those with water 
were encountered . The maximum adhesion measured was 104 mN/m, by 
which time the oscillatory salvation forces had vanished. These 
results are also given Table 4.2. 
Finally, some measurements on a completely miscible binary 
system, OMCTS and tetrachloromethane, were made. Preliminary results 
on the effect of small amounts of tetrachloromethane (9 mole%= 3% by 
volume) show that the periodicity of the oscillatory force curve 
remains unchanged from that in pure OMCTS , but the magnitude of the 
forces at the maxima and minima decreases. The effect is thus similar 
to that caused by small amounts of water, but of course the absolute 
concentration of the solute is very much larger in this case. 
4.6 DISCUSSION 
In view of the results of the preceding sections the effects o f 
water a t concentrations close to saturation are relatively straight-
f orward - bulk wa t er conde nses to form an ann ulus aroun d the con tact 
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zone and the final adhesion is governed by the Laplace pressure inside 
the curved water/non-polar liquid interface. The large deviations in 
the equilibrium meniscus radius from that predicted by the Kelvin 
equation (4.4) are readily accounted for by the presence of solute in 
the water annulus, and it is not necessary to invoke ''anomalous water'' 
or "poly-water" [18,19]. Indications are that the physisorbed layer 
on the mica disappears at high water contents, presumably by 
dissolving in t~e water annulus. This would result in very high 
solute concentrations; for a typical annulus, with a meniscus radius 
of 10-6 cm, a diameter of 5 x 10- 3 cm and with a radius of curvature of 
the mica surfaces of 2 cm, a concentration of the order of 1 molar 
would result, assuming that a monomolecular layer with an area of 0.50 
nm 2 per molecule on each surface, extending to the perimeter of the 
annulus, dissolves completely in the annulus. The possibility of 
surface diffusion along the mica surface may well lead to a further 
increase in this concentration and the high refractive indices 
measured for small bridges point to substantial solute concentrations. 
If all the potassium ions on the mica surface inside the annulus 
dissolved in the annulus, a similar concentration (1 M) would result. 
The condensed water annuli do not, however, directly explain the 
absence of long-range salvation forces, even at high relative water 
contents. At surface separations below twice the Kelvin radius the 
equilibrium situation is of course that with a bridge between the 
surfaces, and because the bridge, once formed, should pull the 
surfaces together, it is clear that no equilibrium force-law can be 
measured in this regime. A still unresolved question is whether or 
not condensation of water to form a bridge takes place spontaneously 
at finite surface separations less than twice the Kelvin radius. This 
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is expected to be a very improbable event and has not been observed to 
occur in Kelvin condensation from vapour [7]. 
It thus seems as if the effect of water on the long-range 
appearance of the salvation force is not directly related to the 
increase in contact adhesion occurring close to saturation. The 
effect of even small amounts of water must be a surface induced, 
diffusion-controlled phenomenon, as no immediate effect is noticeable 
when the non-po_lar liquid is pre-equilibrated with water. The mole 
fraction of water in the bulk is very low (ranging from 2 x 10- 4 to 
3 x 10- 3 at saturation for the various liquids) and any major effect of 
such small concentrations is highly unlikely. The conclusion is that 
the surfaces must increase the local concentration of water and 
surface adsorption on the mica seems to be a likely mechanism. This 
may take place at discrete sites, determined by the lattice structure, 
or in a random fashion. One cannot rule out some influence of the 
physisorbed layer on this process, although it is impossible to be 
more precise in the absence of any knowledge of its composition. One 
possibility is that the potassium ions present on the mica surface 
become hydrated and that the water thus adsorbs in clusters around 
these. An increase in adsorption of water with water activity is 
probably responsible for the gradual decrease in amplitude of the 
salvation forces at larger surface separations. The presence of 
adsorbed water molecules on the surfaces, whether singly or in 
clusters may disrupt the packing of solvent molecules between the 
surfaces, leading to a reduction in the amplitude of the oscillating 
density profile and hence a decrease in the amplitude of the salvation 
forces. 
A similar mechanism would operate with glycol and glycerol in 
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cyclohexane. The preliminary results with binary mixtures of OMCTS 
and tetrachloromethane also point to a related effect. Theoretical 
calculations on competitive adsorption from binary mixtures of sticky 
hard spheres [20] show that the smaller species are adsorbed 
preferentially even if the wall-sphere attraction is equal for the two 
species and experimental observations on polystyrene latices 
consisting of spheres of different size support this result - the 
smaller spheres are found to pack close to the walls of the vessel 
[ 21] • 
The time-dependent adhesion and the shape of the surfaces at 
intermediate water concentrations ·must be related to the diffusion of 
water into the contact zone. It is possible that microscopic bridges 
or "chains" of water molecules may form to link up the surfaces at 
these water concentrations, leading to a large adhesion even if the 
surfaces are prevented from coming into contact by one or two layers 
of solvent molecules between the surfaces. It is conceivable that 
water nucleates at discrete sites on the mica surface - possibly 
related to the presence of the physisorbed layer or hydrated potassium 
ions - and that these bridges grow with time, thus explaining the 
increase in adhesion with time and why the surfaces sometimes move in 
after a while, pushing out trapped lenses of the solvent. If these 
bridges are smaller in diameter than the wavelength of light, they 
would not be observed on the fringes, regardless of the lateral 
resolution of the optical system. This effect does not seem to be 
specific to water and may be expected to occur with any sparingly 
soluble solute that shows a small contact angle on mica in the 
solvent. 
The disappearance of the oscillatory solvation forces induced by 
.........._ 
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surface-adsorbed water causes the force to become purely attractive. 
It is possible that this force is similar to the continuum van der 
Waals force predicted by Lifshitz theory, although the presence of 
unknown amounts of water on the surfaces would make any comparisons 
with theory difficult. 
The fact that already low concentrations of water act to reduce 
the magnitude of the salvation forces at the maxima and minima may be 
used to explain _some observations made in Chapter 3. Firstly, it was 
found that benzene showed the largest forces and this may be because, 
as inspection of Table 3.2 confirms, the water activity in the dried 
benzene may be considerable lower than for the other liquids. If the 
forces shown in Fig. 4.3 are plotted against a reduced distance D/o as 
in Fig. 3 '.11, the values for completely water-free OMCTS are seen to 
be close to the curves obtained for benzene, suggesting that if 
completely dry, all the non-polar liquids exhibiting long-range 
salvation forces would show forces similar to those found in benzene. 
Secondly, the increase in the magnitude of the forces with 
temperature found for cyclohexane may be due to a reduction in the 
water activity. The solubility of water in non-polar liquids 
increases substantially with temperature, for cyclohexane it doubles 
on going from 20 °C to 40 °C [10], thus leading to a twofold reduction 
in the water activity at the higher temperature and consequently an 
increase in the amplitude of the salvation forces. 
These results on the effect of water on the forces between 
surfaces in non-polar liquids have important implications for several 
areas of colloid and surface science, particularly for dispersions in 
non-polar liquids. This will be discussed in Chapter 6 • 
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4.7 CONCLUSIONS 
Small amounts of water in non-polar liquids act to reduce the 
amplitude of the oscillatory solvation forces at long range. This 
effect is probably due to the adsorption of water on the mica surface 
and there are indications that it occurs with any preferentially 
adsorbed solute. 
Intermediate water concentrations cause a large increase in the 
adhesion, even at finite surface separations. This occurs with 
solutes that are not completely miscible with the non-polar liquid and 
is consistent with the formation of microscopic bridges of solute 
between the surfaces, initially at discrete sites. 
At higher water concentrations, approaching saturation, these 
bridges coalesce to push out the last layers of solvent molecules 
between the surfaces and a macroscopic annulus of bulk water forms 
around the contact zone. 
This water annulus contains large amounts of solute, possibly 
ions from the mica surface lattice, and the meniscus radius is hence 
larger than that predicted by the modified Kelvin equation for pure 
water, but the interfacial tension, as measured by the pull-off force, 
is close to the value for bulk water/non-polar liquid. 
At finite surface separations no oscillatory solvation forces can 
be measured at high water contents, instead the force is purely 
attractive down to contact and may be similar to the continuum van der 
Waals force. 
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CHAPTER 5 
FORCES BETWEEN MICA SURFACES IN POLAR LIQUIDS 
5.1 INTRODUCTION 
In Chapter 3 measurements of the forces between mica surfaces in 
non-polar liquids were presented. Because of their low dielectric 
constant, such liquids will dissolve only minute amounts of 
electrolyte and the mica surface would remain essentially uncharged. 
Furthermore, any double-layer force would, due to the low ionic 
concentration, have a decay length of many microns, and such a weakly 
decaying force would not be detected with the measuring technique used 
here. The force in non-polar liquids is hence effectively dominated 
by the attractive van der Waals force at surface separations below 
about one micron, and at short range there is an oscillatory salvation 
force. 
In water, with a dielectric constant of 80, the mica surface 
ionizes and cations leave the surface, which acquires a negative 
charge. The long-range forces are consequently governed by electro-
static effects and are accurately described by DLVO theory, as 
verified by Israelachvili and Adams [l] and Pashley [2-4] for a range 
of mono-, di-, and trivalent cations for concentrations of up to 1 
molar. Using the charge regulation model [5,6], which allows for the 
adsorption and desorption of ions as the surfaces approach, Pashley 
has obtained very good agreement betwee n theory and experiment. The 
force is found to be intermediate between the limits of constant 
charge and constant potential - as predicted by the charge-regulation 
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model. For low electrolyte concentrations, the van der Waals force 
dominates at small surface separations, below 2-5 nm, and there is a 
jump into contact. Because of this instability, the force at small 
surface separations cannot be measured and one knows only that it is 
more attractive than the force at the surface separation at which the 
jump takes place. 
Above a certain concentration, specific to each cation, the 
short-range force becomes repulsive and there is no longer a jump into 
contact. DLVO theory is still accurate at larger surface separations, 
beyond 4 nm, but there is now a "hydration" force which prevents the 
surfaces from coming into contact. Pashley has interpreted these 
results in terms of hydration of adsorbed cations which leads to a 
repulsive force; as the mica surfaces are pressed together energy is 
required to dehydrate the adsorbed cations. No such hydration force 
is observed when only hydrogen ions are present, and when the hydrogen 
ion concentration is increased by lowering the pH, even in the 
presence of other cations, the repulsive hydration forces disappear 
and the short-range behaviour is again governed by attractive van der 
Waals forces. Initial measurements indicated that this hydration 
force was monotonic, but repeat measurements have found that it is 
oscillatory in nature, at least below 1.5 nm, and qualitatively 
similar to the salvation forces measured in non-polar liquids [7]. 
The experiments presented in this chapter were undertaken in 
order to bridge the gap between the results obtained in non-polar 
liquids and those in water. Firstly, it was deemed to be of some 
interest to test the validity of DLVO theory in polar liquids other 
than water; and secondly, it was decided to investigate the effect of 
a significant molecular dipole moment on the short-range forces 
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compared to the results obtained in non-polar liquids. By choosing 
both non-hydrogen bonding and hydrogen bonding liquids it was hoped to 
establish the effect of hydrogen bonding on the forces. The under-
lying aim of these experiments was to explain the difference between 
the short-range forces measured in water (at low and high electrolyte 
concentrations) and those obtained in non-polar liquids, and in 
particular to determine whether there is an abrupt change in 
properties on going from water to other liquids, or whether there is 
only a gradual transition in the nature of the forces. 
A detailed study of the influence of various ions on the forces 
in a range of polar liquids is unfortunately beyond the scope of this 
thesis, and as such effects may well be as complicated as those found 
in water, only three liquids and two electrolytes were selected for 
study. The liquids chosen were propylene carbonate (4-methyl 
1,3-dioxolan-2-one), acetone (2-propanone) and methanol. These are 
all relatively inert and only moderately harmful to inhale, ensuring 
that several experiments could be performed with each one. Some 
relevant physical properties are summarized in Table 5.1. 
Propylene carbonate should provide a convenient comparison with 
some of the non-polar liquids. It is a fairly large and rigid 
molecule with a very high dipole moment and dielectric constant. 
There are no specific interactions and the intermolecular forces are 
determined by dispersion and dipole-dipole interactions only [8]. 
Acetone is a smaller molecule and has a lower dielectric constant but 
also lacks specific interactions. Methanol is hydrogen-bonding, but 
because it has only one donor site per molecule, no three-dimensional 
network as in water is possible and liquid structure is limited to 
chains or rings. 
Liquid 
Methanol 
Acetone 
Propyle ne 
carbona te 
Table 5.1 
Physical Properties 
Me lting Boiling Dipole 
Point, 
oc 
-94 
-95 
-49 
Point, 
oc 
65 
56 
242 
Moment, 
D 
1.70 
2.88 
4.94 
Dielectric Refractive 
Constant 
(25 °C) 
32.6 
20.7 
65 
Index n20 
' D 
1.3288 
1.3588 
1.4209 
Molecular 
Diameter, 
nm 
0.39 [17] 
0.45 [17] 
0.5 (est.) 
Da ta for methanol and acetone from Ref. 18, for propylene carbonate from 
Ref s. 8 and 12. 
I-' 
I-' 
V, 
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Tetraethylammonium bromide was used as the electrolyte for both 
propylene carbonate and acetone. It is almost fully dissociated at 
dilute concentrations in acetone [9] and should, as the other tetra-
ethylammonium halides, be fully dissociated in propylene carbonate 
[10) . Lithium chloride was used with methanol, where it is 
dissociated to a reasonable extent at low concentrations (see Section 
5 . 2) [9]. 
Before the results are presented, a short description of the 
procedure employed in fitting the experimental points to theoretical 
double-layer and van der Waals force curves will be given in the next 
section . The results for propylene carbonate, acetone and methanol 
are given separately in Sections 5 . 3-5.5. A discussion of these 
results forms the subject of Section 5.6, where comparisons will be 
made with the force curves obtained in non-polar liquids on the one 
hand, and in water on the other. 
5.2 CALCULATIONS 
The long- range repulsive forces obtained in the polar liquids 
with and without added electrolyte were fitted to theoretical force 
curves calculated from solutions to the non-linear Poisson- Boltzmann 
equation using an algorithm and computer program developed by Chan, 
Pashley and white [11). This algorithm solves the non-linear 
Poisson-Boltzmann equation as outlined in Section 1.3, equations 
(1 . 13) to (1 . 17) . Fits were attempted with both constant surface 
potential and constant surface charge boundary conditions. 
In propylene carbonate, because of the relatively large magnitude 
of the forces, it was possible to obtain accurate fits without a 
k nowl e dg e of the van de r Waals forces. The Hamak e r constant (or 
function) for propylene carbonate could not be calculated as the 
necessary optical dispersion data were not available, but by 
restricting the fit to distances~ 10 nm, where the van der Waals 
force should be completely negligible by comparison with the 
double-layer force, this did not cause any problem. 
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For both methanol and acetone it was necessary to include 
attractive van der Waals forces to obtain reasonable fits as the 
theoretical van der Waals force was in some cases of comparable 
magnitude to the theoretical double-layer force. The retarded van der 
Waals force for acetone and methanol were calculated from Lifshitz 
theory (see Appendix) and the experimental points were fitted to force 
curves obtained from solutions to the non-linear Poisson-Boltzmann 
equation by first subtracting from the measured force values the 
theoretically expected van der Waals force at that surface separation. 
The correctness of this procedure was demonstrated by the fact that 
only then was it possible to obtain reasonable fits over a range of 
concentrations, with the Debye length in agreement with that expected 
from the concentration of (dissociated) electrolyte. In the figures 
(Figs. 5.9, 5.12 and 5.13) the plotted points are the measured values 
and the curves are the sum of the double-layer force and the van der 
Waals force. 
To calculate the van der Waals force accurately it is important 
that the contact position D = 0 in the liquid be known. It is 
reasonable to assume that the physisorbed layer on the mica surfaces 
(see Section 3.2) dissolves in polar liquids, as it does in water. 
This was conclusively demonstrated for methanol, where distances 
negative with respect to contact in dry nitrogen were repeatedly 
measured. For acetone, evidence of the same was afforded by the 
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observation that the surfaces moved in 0.6-1.0 nm on filling the 
measuring chamber with the surfaces in contact, as described in 
Section 3.3. For propylene carbonate, no information on the state of 
the physisorbed layer was obtained, but this did not matter since the 
van der Waals force was not required to obtain good fits. 
In the calculations, the zero of distance was taken as contact in 
dry nitrogen for propylene carbonate and for those experiments in 
acetone where the chamber was not filled with the surfaces in contact 
(this includes the experiment where electrolyte was added). For 
propylene carbonate, the assumption that true contact is at -1.0 nm 
with respect to contact in dry nitrogen will move the measured force 
curves outward and lead to an increase in the surface potential of the 
best fit by at most a few millivolts, whereas the Debye length will 
not be noticeably affected. For acetone, the effect will be similar. 
In no case will the difference influence any of the conclusions drawn 
on the basis of the force curves. 
For methanol true contact was set somewhat arbitrarily at -0.7 nm 
with respect to contact in dry nitrogen, except for the experiment 
shown in Fig. 5.14. From the positions of the measured minima and the 
adhesion at these one can infer that true contact must lie within a 
few tenths of a namometer of this value, and although the contact 
position may vary from experiment to experiment, any such 
discrepancies would only affect the theoretical fits by a negligible 
amount. 
To calculate the concentration of dissociated electrolyte, 
l i terature values of the dissociation constants were used. For a 1:1 
electrolyte the dissociation constant is given by 
= 
' 
(5.1) 
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where the curly brackets denote activities and kd is the dissociation 
constant. Assuming that the activity is equal to the concentration, 
which should be a fair assumption at least for concentrations of 
5 x 10- 3 M or less, one has 
k d = x 2 / ( c - x) = ca 2 / ( 1 - a) , (5.2) 
where c is the nominal concentration of the salt (electrolyte), x the 
concentration of anions and cations, and Cl the degree of dissociation 
(= x/c). Solving this equation for the concentrations of 
tetraethylannnonium bromide in acetone and lithium chloride in methanol 
used, one obtains the degrees of dissociation (a) listed in Table 5.2. 
The value for 0.1 M LiCl in methanol is very uncertain; at such high 
concentrations the activity factor would deviate appreciably from 
unity. 
The water contents of propylene carbonate and methanol were 
measured by Karl Fischer titration and values of 200 and 330 ppm by 
weight were obtained. The Karl Fischer method cannot be used with 
acetone due to acetal formation. Because the liquids are either 
completely miscible (methanol, acetone) with water or dissolve 
substantial amounts of water (8% by weight for propylene carbonate 
[12]), no capillary condensation of the type described in Chapter 4 is 
to be expected for methanol and acetone, and only at substantially 
higher water contents for propylene carbonate. 
5.3 PROPYLENE CARBONATE 
The force measured in propylene carbonate without added 
electrolyte is shown in Fig. 5.1 (note the logarithmic force scale). 
At surface separations greater than 5 nm, the force is well predicted 
f 
Electrolyte/liquid 
Et 4NBr/acetone 
LiCl/MeOH 
Table 5.2 
Degree of Dissociation, a 
concentration, M 
kd 
3.0xl0- 3 
1. 6 X 10- 2 
3.2xl0- 5 
0.99 
l.4xl0- 4 
0.96 
Values of kd from Ref. 9. 
2 X 10- 4 
0.99 
5 X 10- 3 
0.80 
0.1 
0.33 
f-J 
N 
0 
• I I l 
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Figure 5.1: Force as a function of separation between mica surfaces 
in propylene carbonate ~ithout added electrolyte. Note the 
logarithmic force scale. • and a are experimental points from two 
separate force runs. The dashed~dotted line is the force 
calculated from a numerical solution to the non-linear Poisson-
Boltzmann equation with a surface potential~ = 113 mV and a 
- 1 0 Debye length K = 135 nm with constant potential boundary 
conditions. The dotted line is the corresponding force obtained 
with constant charge boundary conditions and the same parameters. 
The surface charge density o = 6.2 x10 11 electronic charges/cm2 
(0.99 mC/m 2 ). The Debye length corresponds to a 1:1 electrolyte 
concentration of 4 x10 - 6 M. 
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by solutions to the non-linear Poisson-Boltzmann equation 
(Gouy-Chapman theory) and the surfaces interact at constant potential, 
with a surface potential of 113 mV and a Debye length of 135 nm. This 
corresponds to a 1:1 electrolyte concentration of 4 x 10- 5 M, although 
the identity of the electrolyte is unknown. Close inspection of 
Fig. 5.1 reveals that, at separations below about 20 nm, the measured 
force lies slightly below the theoretical double-layer curve. The 
deviations are in the expected range if the Hamaker function for 
propylene carbonate were similar to that of water or methanol (see 
Appendix). At surface separations below 5 nm, the force curve 
exhibits oscillations, as shown in Fig. 5.2, and is qualitatively 
similar to the solvation forces measured in non-polar liquids. Six 
well-defined minima could be measured, and the surfaces could not be 
forced closer than the force barrier at 1.6 nm under a force of 32 
mN/m, by which time the surfaces had flattened extensively. The ~ean 
periodicity of the oscillations is 0.54 nm, which is close to the 
(estimated) mean molecular diameter of propylene carbonate. As for 
the non-polar liquids, the decay of the peak-to-peak amplitude is 
roughly exponential, with a decay length of about 1\ molecular 
diameters (see inset to Fig. 5.2). 
In a second experiment (not shown) similar results were obtained; 
at long range the double layer force was well fitted by a constant 
potential interaction with a surface potential of 99 mV and a Debye 
length of 150 nm, corresponding to 3.4 x 10- 6 M 1:1 electrolyte. At 
short range oscillations of similar magnitude and periodicity to those 
in Fig. 5.2 were measured. 
Figure 5.3 shows how progressive addition of electrolyte in the 
form of tetraethylammonium bromide alters the double layer by 
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figure 5.2: Force as a function of separation between surfaces in 
propylene carbonate without added electrolyte at short range. 1he 
dashed-dotted line is the constant potential double-layer 
interaction with parameters as in Fig. 5.1. The height of the 
force barrier at 2.1 nm was 5 nili/m, the force barrier at 1.6 nm 
could not be surmount ed with a force of 32 mN/m. The inset shows 
the peak-to-peak amplitude of the oscillations (on a logarithmic 
scale) as a function of reduced distance D/o, where a is the mean 
periodicity. The points have been plotted on the assumption that 
t he inne rmost force barrier is the third from contact. The 
expon ential decay length is 1.7 a . 
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Figure 5.3: Force as a function of separation between mica surfaces 
in propylene carbonate with 10- 4 Mand 10- 3 M ·tetraethylammonium 
br omide. The dotted lines are the force curves calculated from 
s o lutions to the non-linear Poisson-Bolt zmann equation with 
c on stant charg e boundary conditions. The dashed-dotted lines are 
the corresponding force curves for constant p o tential boundary 
c on ditions. The parameters are, for 10- 4 M: ~ o = 108 mV, 
o = 2.8 x l0 12 charges/cm 2 (4.5 mC/m 2 ) and K-l = 27 nm 
(corresponding to 1.0 x 10- 4 M 1: 1 electrolyte), and for 10- 3 M; 
i 0 = 79 mV, o = 4.4 x 10
1 2 charges/cm2 (7.0 mC/m 2 ) and K- 1 = 9.4 nm 
( 0 .9 x 10- 3 M l: 1 electrolyte). 
125 
decreasing the Debye length, which is in good agreement with that 
expected from the electrolyte concentration. In contrast to the case 
without added electrolyte, the surfaces now appear to interact at 
constant charge. An explanation for this difference has yet to be 
found. 
At short surface separations the force remains oscillatory as the 
electrolyte concentration is increased (Figs. 5.4 and 5.5). Both the 
maxima and the minima are raised by the enhanced double layer 
repulsion, but the periodicity and peak-to-peak amplitude of the 
oscillations do not appear to change markedly with electrolyte 
concentration. The outermost oscillations can no longer be detected, 
which is probably due to experimental limitations - the outward jumps 
become progressively smaller as the double-layer curve becomes steeper 
and thus become more difficult to observe. 
In Table 5.3 the differences in the force measured at the minima 
and the force obtained by extrapolating the constant charge 
interaction to the same surface separation has been tabulated. This 
gives an indication of the additivity of the double-layer force and 
the salvation force. For the case without added electrolyte, the 
constant potential interaction has been used, as the force at long 
range was better described by this, but assuming a constant charge 
interaction would yield the values given in brackets. As can be seen, 
the difference is very nearly the same for 10- 3 Mand 10- 4 M, but 
there is a larger deviation for the case without added electrolyte. 
These observations were also confirmed in the second experiment -
the oscillatory salvation force is lifted up with increasing 
electrolyte concentration. Addition of small amounts of water 
(~ 0.2%) did not significantly affect the forces, except for a small 
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Figure 5.4: Force at short range as a function of separation between 
mica surfaces in propylene carbonate with 10- 4 M tetramethyl-
ammonium bromide. The dotted line is the constant charge 
interaction with parameters for 10- 4 M electrolyte as in Fig. 5.3. 
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Figure 5.5: Force at short range as a function of separation between 
mica surfaces in propylene carbonate with 10- 3 M tetraethyl-
ammonium bromide. The dotted line is the constant charge 
interaction with parameters for 10- 3 M electrolyte as in Fig. 5.3. 
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Table 5.3 
Difference between Force at Minima and Extrapolated 
Double-Layer Interaction, (mN/m) 
Propylene Carbonate 
.No added electrolyte 
10- 4 M 
Acetone 
No added electrolyte 
3.2 xl0- 5 M 
Methanol 
No added electrolyte 
2 X 10- 4 M 
5 X 10- 3 M 
0 .1 M 
Minimum (outermost minimum= 1) 
3 
1.6 (2.4) 
2.7 
2.8 
2 
1.1 (1.8) 
1.7 
1.5 
0.4 (0.8) 
0.8 
0.9 
3.6 
3.4 
> 2.9 
1 
0.7 (1.3) 
0.9 
0.8 
0.3 (0.7) 
0.7 
0.6 
1.4 (1.8) 
1.8 
1.6 
> 1.2 
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change in surface potential. 
In both experiments, several force runs were performed at each 
concentration, and a very slow but definite increase in the surface 
charge density with time was observed. Two consecutive force runs 
always gave the same surface charge density, but a clear increase was 
noted on waiting several hours between runs. The surface charge 
density as a function of time has been plotted in Fig. 5.6 and two 
force runs with 10- 3 M tetraethylammonium bromide at different times 
are shown in Fig. 5.7. 
As can be seen from Fig. 5.6, the surface charge density 
increases fairly smoothly with time, except when electrolyte is added, 
when there is a more abrupt increase, and when water is added, which 
leads to an initial decrease. The surface charge density continues to 
increase thereafter, even in the presence of water, and removal of 
water by draining the measuring chamber and leaving a droplet between 
the surfaces with phosphorous pentoxide in the chamber does not 
markedly affect the rate of increase in surface charge density. 
In Fig. 5.7 the force curve measured directly after injection of 
tetraethylammonium bromide to 10- 3 Mis compared with the force curve 
measured~ 140 hours later, with only a droplet left between the 
surfaces. The surface charge density has increased by a factor of 
four and there is a small reduction in the Debye length, from 9.4 to 
8.5 nm, probably due to concentration of the droplet by evaporation. 
Mica has been shown to have a negative surface charge in 
propylene carbonate [13], which means that the charge must result from 
potassium ions leaving the surface and possibly being partially 
exchanged for other ions. Complete ionization of the mica lattice 
corresponds to a surface charge density of 2.1 xl0 14 charges/cm (0.33 
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Figure 5.6: Surface charge density o as a function of time t for two 
separate experiments with propylene carbonate and tetraethyl-
ammonium bromide. The measuring chamber was filled at t = O. The 
vertical lines indicate times at which electrolyte, etc., was 
injected. The curves plotted in Figs. 5.1-5.5 are from exp. 2 
(•). Complete ionization of the mica lattice corresponds to a 
surface charge density of 2.1 x 10 14 charges/cm2 • 
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Figure 5.7: Force as a function of separation between mica surfaces 
in propylene carbonate with 10- 3 M tetraethylammonium bromide at 
t = 29 hours . (lower curve) and t = 172 hours (upper curve). The 
curves are the force calculated from solutions to the non-linear 
Poisson-Boltzmann equation with constant charge (solid lines) and 
constant potential (dashed lines) boundary conditions. The 
surface potential increased from 79 mV to 130 mV, the surface 
charge density from 4.4 x 10 12 to 13.8 x 10 12 charges/cm 2 and the 
Debye length dropped slightly, from 9.4 to 8.5 nm (corresponding 
to an increase in concentration from 0.9 x 10- 3 to 1.1 x 10- 3 M). 
131 
132 
C/m 2 ) ll4], so even at the highest measured surface charge density 
only about 7% of the lattice sites are ionized. The increase in 
surface charge with time can only be explained by a gradual and very 
slow desorption of cations from the surface, or possibly a mechanism 
whereby two potassium ions from the mica surface are exchanged for one 
tetraethylammonium ion. It seems unlikely that the potassium ions are 
completely exchanged for tetraethylammonium ions, in which case one 
would expect some influence on the short range forces as the 
tetraethylammonium ions are very bulky (o ~ 0.8 nm). It is possible, 
however, that the surface is covered with these ions but that they are 
easily exchanged as the surfaces approach. Such a mechanism seems to 
operate in water [2]. In order to be able to do more than just 
speculate on the reason for the increase in surface charge it would, 
however, be necessary to have data on propylene carbonate with other 
ions. 
In propylene carbonate the long-range double-layer force is thus 
well predicted by solutions to the non-linear Poisson-Boltzmann 
equation, and at short range there are oscillatory salvation forces. 
5.4 ACETONE 
The force curve obtained at short range in acetone is plotted in 
Fig. 5.8. The measured force is attractive at large separations, and 
in the range 5.2-7.8 nm, depending on the spring constant, there is a 
jump into the next stable position, occurring at about 3 nm. The 
force is oscillatory at small surface separations, with a mean 
periodicity of 0.45 nm, in good agreement with the mean molecular 
diameter. The surfaces could not be forced closer than 2.0 nm under a 
moderate load(~ 50 mN/m) . Contact in this experiment moved in 1.0 nm 
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Figure 5.8: Force as a function of separation between mica surfaces 
in acetone. No long-range repulsive force could be detected. The 
height of the force barrier at 2.5 nm was not measured. a,b,c 
denote positions from ' which inward jumps occur for k/R values of 
1.9, 0.9 and 0.5 x l0 4 N/ m2 respectively. The zero of separation ~ 
was defined by contact in the liquid after filling the chamber 
with the surfaces in contact. 
134 
on filling with the surfaces in contact and this has been taken as the 
zero of surface separation . 
The results of two other experiments in acetone without added 
electrolyte were similar - attractive forces down to~ 3 nm and 
oscillatory salvation forces at close range. In one of these 
experiments the contact adhesion was measured (by filling the chamber 
with the surfaces in contact) and found to be 69 mN/m, with an 
accuracy estimated at 10%. In this case contact occurred at -0.6 nm 
with respect to contact in dry nitrogen. 
No double-layer force could be detected in electrolyte- free 
acetone. This is hardly surprising, the conductivity K of the pure 
acetone was of the order of 10- 7 S/cm or less, and using an equivalent 
conductance at infinite dilution A0 of~ 200 S cm
2 /mole [15], this 
gives an estimate of the electrolyte concentration as c = K/A = 
0 
5 x10- 10 moles/cm 3 = 5 x10- 7 M, which would give a Debye length of 225 
nm. Coupled with a small surface charge, such a weakly decaying force 
would not be easily detected. 
From the positions of the inwards jumps, one may obtain an 
estimate of the Hamaker constant using equation (3.2). Because of 
retardation effects, however, this equation is not correct, and its 
use will lead to an overestimate (see Appendix) of the Hamaker 
constant (strictly speaking the Hamaker function). In spite of this 
inherent overestimation, equation (3.2) gives values of A12 in the 
range 0.8 ±0.2 x 10- 20 J, which is smaller than the theoretically 
expected values of 1.1-1 . 2 x 10- 20 J (see Appendix). When the 
theoretically expected jump distances are calculated from the slope of 
the retarded van der Waals force curves, values as shown in Table 5.4 
are obtained. A possible explanation for the difference is that a 
Table 5.4 
Jump Distances in Acetone and Methanol 
Acetone 
Methanol 
Methanol 
+ 2 X 10- 4 M LiCl 
Methanol 
+ 5 x 10- 3 M LiCl 
Methanol 
+ 0 .1 M Li Cl 
0.5 
0.9 
1.9 
0.56 
0.70 
1.03 
1.28 
2.76 
8.96 
0.70 
1.03 
1.03 
0.70 
D. (exp, nm) 
J 
7.6-8.0 
6.1 - 6.5 
5.1 -5.5 
5.6-6.5 
5.5-6.4 
4.5-5.4 
4.4 -5.3 
3.8 -4.7 
2.6-3.5 
3.9 -4.8 
3.3 -4.2 
2.5 -3.4 
5.8 - 6.7 
135 
D. (theor, nm) 
J 
9.3 
7.8 
6.3 
9.5 
8.9 
7.9 
7.4 
5.9 
4.1 
3.3 
3.2 
3.5 
8.9 
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double-layer repulsion, too weak to be measured but nevertheless 
decaying sufficiently rapidly to affect the force curve, may cause the 
jumps to occur at smaller than expected distances. 
In a fourth experiment with acetone, electrolyte in the form of 
tetraethylammonium bromide was added. The forces measured at long 
range for concentrations of 3 .2 x 10- 5 and 1.4 x 10- 4 M are shown in 
Fig. 5.9. At such low concentrations the electrolyte is almost 
completely dissociated (see Table 5.2) and as can be seen the 
experimental points are fairly well fitted by a force curve obtained 
from solutions to the non-linear Poisson-Boltzmann equation, and a 
calculated retarded van der Waals force, with a Debye length 
corresponding to the nominal concentration or slightly less than this 
for 1.4 x10- 4 M. The surfaces appear to interact under conditions 
intermediate between constant charge and constant potential, which 
indicates that some type of charge regulation is taking place. 
Only the forces at the two outermost minima were accurately 
measured in this experiment, and as for propylene carbonate, these 
were seen to shift upwards along the force axis with increasing 
electrolyte concentration. The differences between the force at these 
two minima and the extrapolated constant charge interaction are shown 
in Table 5.3. For the liquid without added electrolyte, where no 
double-layer force could be measured, the values are just the absolute 
magnitude of the forces. Assuming a constant charge interaction with 
~ o = 80 mV and K- 1 = 225 nm would give the values in brackets. As for 
propylene carbonate, the difference is nearly constant except for the 
case without added electrolyte. 
In acetone no increase in surface charge with time was noted, 
although the measurements did not extend over such a long period of 
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Figure 5.9: Force at long range as a function of separation between 
mica surfaces in acetone with tetraethylam.monium bromide in a 
different expe riment from that in Fig. 5.8. ~,o (3.2 x 10-s M) and 
•,• (1.4 x 10- 4 M) are experimental points from separate force 
runs. The lines are the sum of a double-layer force calculated 
from solutions to the non-linear Poisson-Boltzmann equation with 
constant charge (solid) or constant potential (dashed) boundary 
conditions and the continuum van der Waals force calculated from 
full Lifshitz theory. Parameters for the double-layer are: 
3.2 x 10- 5 M - 1J; 0 = 92 mV, o = 6.4 x 10
11 charges/cm 2 (1.0 mC/m 2 ) 
and K - 1 = 27 .5 nm, corresponding to 3.2 x 10-s M 1:1 electrolyte; 
1.4 x 10- 4 M - 1J; 0 = 78 mV, o = 9.3 x 10
11 charges/cm 2 (1.5 mC/m 2 ) 
and K- 1 = 14 nm, corresponding to 1.25 x 10- 4 M 1:1 electrolyte. 
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time as was the case for propylene carbonate. 
In summary, the force in acetone is similar to that encountered 
in propylene carbonate; the major difference lies in the magnitude of 
the double-layer force, which is much smaller in acetone. Also, the 
range of the oscillatory salvation forces seems to be somewhat 
smaller, which means that in pure acetone there is a large region 
where the force curve is overall attractive, although inaccessible. 
5.5 METHANOL 
The force curve measured in one experiment with methanol without 
added electrolyte is shown in Fig. 5.10a. There is a very weak 
double-layer repulsion at long range, with a Debye length of the order 
of 80 nm and a surface potential of the order of 100 mV, closer to 
constant potential than to constant charge. Because of the small 
magnitude of this repulsion(~ 0.1 mN/m at separations of 10 nm) it 
was not possible to obtain experimental points without a great deal of 
scatter, and the parameters are rather uncertain. 
At a surface separation of 5.8 nm there is an inwards jump to a 
separation of 1.4-1.5 nm. This force barrier could not be surmounted 
under a load of 12 mN/m, and the adhesion at the attractive minimum 
was 1.3 mN/m. 
Addition of 2 x10- 4 M lithium chloride caused an increase in the 
double-layer repulsion (Fig. 5.10b). The force at long range is 
plotted in Fig. 5.12, and, as can be seen, the Debye length agrees 
well with that expected from the concentration. As with 
tetraethylammonium bromide in propylene carbonate, there is an 
increase in surface charge with time, although to a lesser extent. 
The surfaces appear to inte ract at constant charge - as opposed to the 
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Figure 5.10: Force as a function of separation between mica surfaces 
in methanol without added electrolyte (a) and with 2 x 10- 4 M LiCl 
(b). The lower curve in b (open points) is the force measured 
directly after injection of electrolyte, and the lower dashed line 
shows the constant charge double-layer interaction only (no van 
der Waals force). For parameters see Fig. 5.12. The upper curve 
(filled points) is the force measured 14 hours later, and the 
upper dashed line is the constant charge double-layer interaction 
only. For parameters see Fig. 5.12. 
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case in methanol without added electrolyte, where the interaction 
seemed closer to constant potential. This is reminiscent of the 
behaviour observed in propylene carbonate. As can be seen from 
140 
Fig. 5.10b, the position of the first minimum is unchanged, but the 
force at this minimum has been "lifted up", and increases further as 
the surface charge goes up with time. The force barrier at 1.4-1.5 nm 
was now surmountable and a jump onto the next force barrier took place 
under a load of 3.4 mN/m, and a second minimum was found at 0.9-1.0 nm 
from contact. The inner force barrier could not be surmounted under a 
load of 15 mN/m. 
A further increase in the electrolyte concentration to 5 x 10- 3 M 
caused a drastic reduction in the magnitude of the repulsive forces, 
although the surface charge increased. The long-range force is 
plotted in Fig. 5.13, with experimental points from four different 
force runs and two theoretical lines constituting upper and lower 
limits. The experimental points are well fitted by a retarded van der 
Waals force and a constant charge interaction with a surface potential 
of 30-32 mV (surface charge 2.9 -3.1 mC/m2 ) and a Debye length of 3.2 
nm. This corresponds to 3.8 x 10- 3 M electrolyte, which is in good 
agreement with the expected 4.0 x10- 3 M when ion association is taken 
into account. 
The force at small surface separations is shown in Fig. 5.lla. 
As for the previous concentration (2 xl0- 4 M), two minima could be 
measured in methanol with 5 x10- 3 M lithium chloride and they have 
shifted downward along the force axis by an amount very close to the 
shift in the extrapolated constant charge interaction (purely double-
layer). The force barrier at 1.4-1.5 nm, however, has suffered a much 
larger decrease in magnitude, for reasons that are not clear. 
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Figure 5.11: Force as a function of separation between mica surfaces 
in methanol with 5 x 10- 3 M LiCl (a) and 0.1 M LiCl (b). The 
dashed line in a is the double-layer force only with parameters as 
in Fig. 5.13. 
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Figure 5.12: Force at long range as a function of separation between 
mica surfaces in methanol with 2 x10- 4 M LiCl. The lower curve is a 
fit to experimental points (e,A) from two separate force runs 
immediately after injection of electrolyte, the upper curve is a fit 
to points (o,~) measured 14 hours later. The curves are a sum of 
the (retarded) continuum van der Waals force and a double-layer 
force. Parameters for the latter are: lower curve; ~ o = 67 mV, 
o = 1.1 xl0 12 charges/cm 2 (1.8 mC/m 2 ) and K-l = 14.2 nm, 
corresponding to 1.9 xl0- 4 M 1:1 electrolyte, upper curve; 
~ o = 77 mV, o = 1.4 xl0 12 charges/cm 2 (2.2 mC/m 2 ) and K-l = 14.2 nm. 
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Figure 5.13: Force at long range as a function of separation between 
mica surfaces in methanol with 5 x l0- 3 M LiCl. The experimental 
points are from four separate force runs, but without time 
correlation. The curves are the sum of the van der Waals and 
double-layer forces with parameters for the latter as follows: 
K- 1 = 3.2 nm, corresponding to 3.8 x 10- 3 M 1:1 electrolyte, 
~o = 32 mV, o = 2.0 x l0 12 charges/cm 2 (3.1 mC/m 2 ) (upper) and 
~ = 30 mV, o = 1.8 x l0 12 charges/cm 2 (2.9 mC / m2 ) (lower). 
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Finally, at concentrations of LiCl of 0.1 M (corresponding to 
0.033 M ions), the force curve plotted in Fig. 5.llb was measured. No 
long range repulsion could be measured and the surfaces jumped 
together from a separation of 6 nm. This is equivalent to about 5 
theoretically expected Debye lengths, which means that the force would 
have decayed to about 1/150 of its value at contact. This implies a 
force of perhaps 10 µN /m, small enough not to be measured directly, 
yet large enough to possibly shift the position of the inwards jump 
from that expected from a purely attractive van der Waals force. The 
magnitude of the force at the minima has further increased, and the 
force measured at the outermost minimum is now close to the value 
measured with no added electrolyte. 
As for propylene carbonate and acetone, an indication of the 
addivitity of the salvation forces and the double-layer forces has 
been given by the values in Table 5.3. The value for methanol without 
added electrolyte is the difference between the measured force and the 
extrapolated constant potential interaction, the corresponding value 
for the constant charge interaction is given in brackets. For the 
0.1 M case, the actual double-layer force could not be measured and 
the tabulated values are a lower bound, given by the magnitude of the 
forces at the minima. 
Similar results for the long-range force with 2 x10- 4 Mand 
5 x10- 3 M electrolyte were obtained in a second experiment. At short 
range, however, the magnitude of the minima and maxima was different 
by up to 50%. In this case too, near additivity of the double-layer 
forces and the salvation forces at the minima was evident. 
In a third experiment with methanol, measurements were performed 
without added electrolyte using a variable double cantilever spring 
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Figure 5.14: Force as a ·function of separation between mica surfaces 
in methanol. No double-layer force could be detected in this 
experiment. 
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(see Section 2.3). This permits accurate measurements of the close-
range forces which are inaccessible with a normal spring of fixed 
spring contant. The measured force curve is presented in Fig. 5.14. 
Three minima were found at small surface separations; at 0.4, 0 and 
-0.5 nm with respect to contact in dry nitrogen. The surfaces could 
not be forced past the innermost of these force barriers even under a 
load of several N/m, but in view of the comparatively low adhesion 
(-16 mN/m) measured at -0.5 nm, it seems possible that true contact 
was further in, perhaps at -1.0 nm. The contact adhesion in most 
liquids has been found to be 60-90 mN/m (water, benzene, OMCTS, 
acetone) and a similar value for methanol seems likely. 
In this experiment no double-layer force could be unambiguously 
detected in the "pure" liquid, and even after addition of 1 x 10- 4 M 
LiCl only a very weak repulsion was measured, corresponding to a Debye 
length of,....., 20 nm and a surface potential of only 32 mV. This 
suggests that the surface potential may vary considerably depending on 
the mica used. The minima in the force curve shifted upwards by a 
small amount, roughly equal to the double-layer repulsion. 
The position of the inwards jump was measured for four different 
spring constants. Because of uncertainty in the true contact (-1.0 or 
-0.5 nm?) the error is rather large. To compare these values with the 
theoretically expected ones, the retarded van der Waals force was 
calculated according to the method given in the Appendix, and the 
slope of the F/R curve thus obtained was compared with the spring 
constant, which should give the expected jump position for a given 
spring constant, irrespective of the functional form of the force law, 
provided that it is monotonic. 
The results are listed in Table 5.4, and as can be seen, without 
added electrolyte the jumps are in all cases observed to occur at 
smaller distances than expected. This may be due to a double-layer 
force, which, especially if the interaction is tending towards 
constant charge, would cause the inwards jump to occur at smaller 
surface separations. 
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In the presence of known amounts of electrolyte, the jump 
distance is in better agreement with that predicted by the best DLVO 
fit (i.e. constant charge and retarded van der Waals forces). This 
suggests that at least part of the discrepancy for the case without 
added electrolyte may be due to the uncertainty in the double-layer 
force. Observation of the actual jump is also easier when there is a 
repulsive force barrier, which means that the jump is more sudden 
because the slope of the total force curve changes more abruptly. 
There is of course some doubt as to whether continuum Lifshitz theory 
would be accurate even at these surface separations. The fact that 
salvation forces occur at smaller separations indicates that the 
medium is not behaving as a continuum, and this might conceivably 
influence the forces at much larger surface separations. However, the 
agreement obtained for benzene (Section 3.3) tends to suggest that 
Lifshitz theory is reasonably accurate at surface separations only 
slightly larger than the range of the salvation forces. 
The force in methanol with or without added electrolyte is thus 
well described by DLVO theory at long-range and the discrepancies in 
the jump distances may be explained by uncertainties in the 
double-layer force at high and low electrolyte concentrations and the 
agreement is fair at intermediate electrolyte concentrations. At 
small surface separations there are oscillatory salvation forces, with 
2-3 measurable periods. 
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5.6 DISCUSSION 
The results presented here provide a first direct confirmation of 
the validity of DLVO theory in non-aqueous media. For all three 
liquids studied here the long-range forces are well predicted by 
solutions to the non-linear Poisson-Boltzmann equation and retarded 
van der Waals forces. Because of the small magnitude of the van der 
Waals forces compared to the double-layer forces in most cases, it is 
not possible to be more precise about the agreement between theory and 
experiment at surface separations close to the distance at which the 
inward jump takes place, especially not in the absence of any charge-
regulation model, but there are no deviations that cannot be accounted 
for in a satisfactory manner. The increase in surface charge with 
time, for both propylene carbonate and methanol, however, is a feature 
which remains to be explained. 
At short range, there are considerable deviations from DLVO 
theory, but, as in water, these are largely due to the breakdown of 
the continuum van der Waals force. In water, the Gouy-Chapman model 
of the double-layer has been shown to work well down to very small 
surface separations [1,2], and these results indicate that the same 
may be true for other polar liquids. If one makes such an assumption, 
then it is also reasonable to conclude that the salvation forces and 
double-layer forces are very nearly additive, in the same manner as 
double-layer and van der Waals forces are additive at long range. The 
discrepancies found with methanol for the height of the repulsive 
barriers are in some conflict with this statement, but it has 
previously been found that the (measured) height of the repulsive 
barriers is sensitive to specific effects like surface flattening (see 
Section 3.2) and rate of approach of the surfaces [16]. 
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One might thus propose an alternative to DLVO theory, in which 
the total force between surfaces is the sum of an electrostatic 
double-layer force (unchanged from traditional DLVO theory) and, 
instead of a van der Waals force, a solvation force. As the solvation 
force merges into a force consistent with continuum van der Waals 
theory, the total force will be unchanged at large separations and 
only below surface separations of a certain number of molecular 
diameters would the presence of solvation forces mean deviations from 
DLVO theory. From the results on three different liquids, it seems 
that the breakdown of DLVO theory occurs at different separations (in 
terms of molecular diameters) for different liquids, but because the 
force curves contain large, inaccessible regimes in some cases it is 
difficult to be more specific. In methanol with 5 x 10- 3 M LiCl, DLVO 
theory seems valid down to separations of~ 3 nm, or about 7 molecular 
diameters, and may be valid down to even smaller separations, whereas 
in propylene carbonate without added electrolyte the first oscillation 
occurs at 4.2 nm from air contact, which may mean as much as 9 or 10 
molecular diameters (if true contact is at -1.0 nm with respect to air 
contact) from contact. 
As is the case with aqueous electrolyte solutions, any measurable 
deviations from DLVO theory occur because of solvent structure at 
short range, and in the dilute systems considered here the effect of 
finite ion size, discreteness of charge, deviations in local effective 
values of the permittivity, etc., seem to be of minor importance. 
Comparing these results with those obtained in Chapter 3, it is 
clear that the short-range forces, after subtraction of the 
double-layer force, are very similar to those obtained in non-polar 
liquids. The existence of even a large molecular dipole moment does 
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not markedly affect the solvation forces - propylene carbonate may, 
allowing for a negative zero of separation with respect to air 
contact, show solvation forces very similar to those found in, for 
example, benzene. The slightly shorter range of the solvation forces 
found for acetone may be due to greater flexibility (bond rotation). 
Methanol exhibits only a few oscillations at short range, whether this 
is due to the hydrogen bonding or not remains to be answered, but it 
is clearly not a dipole moment effect. 
Comparisons with the results in water must necessarily become 
more involved - in aqueous solution, the composition of the mica 
surface depends on the electrolytes present in solution, whereas the 
state of the mica surface in these non-aqueous systems is- as yet 
relatively unknown. Contrary .to the case in all other liquids thus 
far investigated, the force is attractive down to contact in dilute 
aqueous electrolytes. The mica surface, however, is also different in 
dilute aqueous electrolytes - because of exchange of cations from the 
surface for hydrogen ions from the solution, the mica surface is 
covered with hydrogen ions whereas in non-polar liquids it almost 
certainly remains covered with potassium ions. In polar liquids other 
than water these may be partially or almost completely exchanged for 
other cations, but not hydrogen ions. 
It is thus not strictly correct to compare measurements in 
conductivity water and measurements in other polar liquids and draw 
the conclusion that water is clearly different because there are no 
repulsive salvation forces. It is rather the mica-water system as a 
whole which is different and this gives forces that are different from 
those found in other hitherto studied polar liquids. 
In fact, a more accurate comparison may be made between the 
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forces in propylene carbonate with 10- 3 M electrolyte (Et 4 NBr) and 
those measured in water with 10- 3 M potassium chloride [5], where, in 
both cases, the surface is covered with ions (possibly mainly 
potassium for both systems) other than hydrogen. The similarity 
between the two force curves is indeed remarkable - both show double 
layer forces at long-range and oscillatory "salvation-type" forces at 
close range. 
Clearly, a substantial amount of work remains to be done on 
different polar liquids with different electrolytes at varying 
concentrations before any more definite statements can be made on 
whether water is unique in terms of the forces or whether it is simply 
a difference in quantity rather than quality of molecular properties. 
Meanwhile, it is important to bear in mind that the mica surface 
itself can be different in different liquids. 
5.7 SUMMARY 
The force between mica surfaces in polar liquids at long range is 
accurately represented by the sum of a double-layer force calculated 
from the non-linear Poisson-Boltzmann equation and a retarded van der 
Waals force calculated from Lifshitz theory. The double-layer force 
is in good agreement with theory up to concentrations of at least 
5 x 10- 3 M electrolyte and there are indirect indications that it shows 
agreement for surface separations down to 1-2 nm. In the short 
distance regime the continuum van der Waals model breaks down and 
there are oscillatory salvation forces similar to the type encountered 
in non-polar liquids. To a reasonable approximation, the double-layer 
and solvation forces are additive. 
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CHAPTER 6 
SUMMARY Al~D IMPLICATIONS 
FOR COLLOIDAL STABILITY 
6.1 SUMMARY OF RESULTS 
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The work presented in this thesis confirms the validity of 
continuum theory (DLVO) at large surface separations(> 10-12 
molecular diameters of the liquid) in a range of different liquids. 
For non-polar liquids, the measured van der Waals force at long range 
is in agreement with results expected from Lifshitz theory, but, due 
to limitations of the experimental technique it has not been possible 
to obtain any information on the existence of double-layer forces in 
these liquids. For polar liquids, the force is the sum of an 
electrostatic double-layer repulsion, in very good agreement with that 
predicted by solutions to the non-linear Poisson-Boltzmann equation, 
and a van der Waals attraction in accord with Lifshitz theory. 
At small surface separations, continuum theory is in gross error 
for all liquids, both non-polar and polar, including hydrogen bonding 
ones. The failure is seen to be due to the breakdown of Lifshitz 
theory, and any deviations from the theoretically expected 
double-layer forces are completely masked by this effect. Oscillatory 
solvation forces are the norm for liquids between solid surfaces, 
although, in view of the situation in water at low electrolyte 
concentrations, a note of caution must be added. It is possible that 
the nature of the ions on the surface mi ght have an equally drastic 
influence on the short-range forces in othe r polar liquids as is the 
case with water between mica surfaces. For liquids where there are no 
specific interactions such as hydrogen bonding, the nature of the 
surface is not expected to have any qualitative influence on the 
forces, provided it is smooth and rigid. 
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The range of the solvation forces depends on the internal 
rigidity of the molecules and possibly the presence of hydrogen 
bonding, but the shape and dipole moment have a negligible influence. 
The amplitude of the solvation forces is extremely sensitive to the 
presence of surface active species (e.g. water in non-polar liquids). 
The importance of capillary effects at short range is highlighted 
by the results on the effect of water in non-polar liquids. It is 
very likely that similar phenomena would occur with sparingly soluble 
hydrophobic solutes and hydrophobic surfaces in highly polar liquids. 
Finally, these measurements indicate that liquid state physics 
and particularly computer simulation techniques are able to provide a 
very good qualitative picture of the forces between solid surfaces in 
non-polar liquids, and improved methods will hopefully extend this to 
cover polar and hydrogen-bonding liquids as well. 
The results are obviously incomplete in that there is scope for 
much additional work. Polar liquids with high electrolyte 
concentrations, binary mixtures of liquids, both miscible and 
immiscible and liquids with more extensive hydrogen bonding are but a 
few examples of systems that warrant further attention. It would also 
be interesting to extend the measurements to other surfaces, 
especially hydrophobic ones, as has been done with water. 
These results are of some significance in colloid and surface 
science. A brief discussion of their implications for the behaviour 
of dispersions in non-aque ous liquids and related subjects will be 
given in the final section of this thesis. 
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6.2 IMPLICATIONS FOR COLLOIDAL STABILITY 
Dispersions in non-aqueous media are important in many 
technological processes, such as those related to the formulation of 
paints, coatings and printing inks and in the plastics industry. A 
number of experimental investigations of colloidal stability in 
non-aqueous media has been done, but unfortunately there has been very 
little in the way of systematic studies. The subject has recently 
been reviewed by Parfitt and Peacock [l]. 
It seems fairly well established that DLVO theory does in many 
cases provide a satisfactory explanation for stability or instability 
in non-aqueous media. Electrostatic stabilization, whether due to 
~ 
double-layer forces or Coulombic repulsion between unscreened chapges, 
in non-polar media (s ~ 2) seems to be possible only by adsorption of 
r 
surfactants or large, organic ions onto the dispersed particles [2,3] 
- the ensuing small degree of ionization is enough to provide 
electrostatic forces of sufficient magnitude to prevent flocculation 
[l]. Because of the very long Debye lengths, several microns or more, 
DLVO theory can only be used in very dilute suspensions where the 
average interparticle distance is perhaps 10-100 microns. In the 
absence of any stabilizing surfactants or ions, rapid flocculation is 
usually observed and this is commonly attributed to attractive van der 
Waals forces. 
In polar liquids of intermediate and high dielectric constants, 
stabilization by double-layer forces is possible for a range of 
colloidal dispersions, and addition of electrolyte leads to 
flocculation by compression of the double layer and/or charge 
neutralization [4]. 
From the results presented in this thesis, however, one can infer 
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that the situation is considerably more complicated, especially at 
small surface separations, in both non-polar and polar liquids. There 
are a great many observations on non-aqueous dispersions that remain 
to be rationalized and foremost among these is perhaps the effects of 
trace amounts of water. Unfortunately, as was mentioned in the 
preceding section, the results do not provide any information on 
double-layer forces in non-polar media, or any effects of trace 
amounts of water on the surface potentials in these systems. Such 
effects have been noted in a number of systems, both non-polar [3] and 
polar [5,6]. 
First of all, it is clear from the results of Chapter 4 that one 
must consider the possibility of an additional contribution to the 
force between two particles, namely a "capillary" force FCAP due to 
condensation of a sparingly soluble solute when two particles are in 
contact. Equation (1.1) would thus be modified to read 
(6.1) 
Such a capillary force term would be important only at contact or 
very small surface separations, where it may dominate over all the 
other terms, including the structural term (F ). In a pure liquid 
STR 
(e.g. a completely water-free non-polar liquid) FCAP would of course 
be non-existent, but most real systems contain appreciable amounts of 
dissolved water. 
Since the present results have essentially verified the 
correctness of the van der Waals term and the double-layer terms (at 
least for polar liquids withs ~20) in equation (6.1), the question to 
r 
be posed becomes: To what extent may the terms F and F 
STR CAP 
influence the properties of a dispersion? It is immediately obvious 
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that, since both terms give only short-range contributions, they 
should not have any effect on the rate of approach of particles in a 
dilute dispersion. Any effect would manifest itself as a change in 
the forces at small separations, where oscillatory solvation forces 
might either a) lead to force barriers preventing coagulation, or 
b) enable two particles to be trapped in a minimum away from contact, 
with a much reduced energy of adhesion. Two problems arise in 
attempting to make even a semi-quantitative estimate of such effects, 
namely the influence of surface roughness of the particles and how to 
obtain values for the energy of interaction between spherical 
particles, which are a better model for most colloidal dispersions. 
On the effect of surface roughness one can only speculate; it is 
obvious that the salvation forces would be smeared out by rough 
surfaces, but whether this would lead to an overall repulsion 
(expected if the maxima are high and broad and the minima are shallow 
and narrow) or attraction (if the reverse is true) is difficult to 
predict. 
Neglecting surface roughness, which may be an acceptable 
assumption at least for small particles of near spherical shape such 
as silica spheres and polystyrene latices, the second problem still 
poses a formidable obstacle. It is not possible to accurately 
integrate the force curves to obtain the energy between curved 
surfaces (spheres) but a rough estimate of the energy of attraction at 
the minima and the energy of repulsion at the maxima can be obtained 
in the following manner: It has been shown that the magnitude of the 
salvation forces (equivalent to the energy between flats) at the 
maxima and minima are larger than the van der Waals force expected 
from continuum theory. Assuming this to be true for the energy 
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between spherical particles, one can obtain a lower bound to the 
magnitude of these forces. The van der Waals interaction energy 
between two spheres of radius R at a surface separation of D (D << R) 
is 
E(D) = AR 6D 
Using A= 1 x10- 20 J and normalizing by kT (= 4xl0- 21 J) gives 
IE(D) I = 0.4(R/D) in units of kT 
Since D <<R, this shows that the energy barriers presented by the 
(6.2) 
(6.3) 
maxima are considerable, but so are the minima, and it is therefore 
doubtful whether stabilization by salvation forces is possible. It is 
clear, however, that their presence would lead to a reduced adhesion 
between particles and might hence make redispersion of a flocculated 
or settled dispersion easier. 
In non-polar liquids, the presence of trace amounts of water, 
dissolved in the bulk and/or adsorbed at the surface of the dispersed 
particles, would act in the opposite direction to the salvation 
forces, and lead to an increased particle-particle adhesion. While 
there seems to be no experimental evidence for the stabilization of a 
dispersion in a pure, water-free non-polar liquid, there are numerous 
examples of the effect of trace amounts of water in increasing the 
contact adhesion. 
It is well known that when a dispersion settles in the absence of 
strong, adhesive forces between the particles, the sediment formed is 
compact and occupies a comparatively small volume. If there is strong 
adhesion, the particles adhere and stick in the configuration of first 
approach and a very open structure is formed, with the resulting 
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sediment having a much larger volume. This has been demonstrated by 
computer simulations [7] and experiments involving the addition of 
bulk water to suspensions of glass beads in toluene [8], where it was 
shown that the larger the amount of water added, the larger the 
sediment volume. The effect disappeared at temperatures below the 
freezing point of water, showing that the strong adhesion and 
resulting open floe structure was caused by necks of liquid water 
joining the glass beads together and providing strong adhesion. 
Studies on the sedimentation volumes of glass spheres in a 
variety of liquids [9] have shown that the higher the water content of 
the liquid and glass spheres, the larger the sediment volume. The 
sediment volume is not related to the absolute water concentration, 
but rather to the fraction of saturation of water in each liquid. The 
larger the interfacial tension between water and the liquid, the 
greater the effect. No effect is evident with liquids that are 
completely miscible with water. If the liquids and glass beads are 
thoroughly dried, the sedimentation volume is the same for all 
liquids. 
The above results are clearly due to bridge formation between the 
glass spheres, and may thus be a manifestation of capillary 
condensation of water from organic liquids. Another example of 
similar effects is the work by Young and Chessick [10] on the effect 
of water on the fluidity of non-soap greases. Such greases are oils 
thickened by the addition of finely divided solids, and the above 
authors found that small amounts of water, less than that required to 
form a monomolecular film on the solid, solidifies greases formed with 
hydrophilic thickeners, whereas those with hydrophobic thickeners are 
unaffected. Addition of small amounts of ethylene glycol thickened 
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the greases in the same way as water does. Here too, the explanation 
lies in the formation of water bridges between the solid particles. 
Finally, it is worth mentioning the work of Kruyt and van Selms [11] 
on quartz suspensions in non-polar oils, which showed that such 
suspensions show plasticity unless they are carefully dried - also 
explained by the formation of water bridges between suspended 
particles. All these authors have considered the bridges as arising 
from the coalescence of surface films and seem not to have taken the 
possibility of capillary condensation into account. 
Returning once more to the salvation force contribution to 
equation (6.1), it may perhaps be ·easier to gain an idea of its 
importance by studying the stability of dispersions in a -liquid like 
propylene carbonate, where, already for modest electrolyte 
-4 -3 
concentrations (10 -10 M) the forces are net repulsive and may, at 
still higher concentrations, lead to stability in the same manner as 
polystyrene latices are stable in high salt in aqueous solutions [12] 
- due to hydration forces. 
This work is thus seen to contain results that are potentially of 
great significance for colloidal stability in non-aqueous media, but 
because of the relative paucity of experimental data, one can at the 
present only speculate on the implications. Hopefully, the next few 
years will see the completion of more systematic investigations whence 
the practical importance of these results will become clearer. 
161 
REFERENCES 
1. G.D. Parfitt and J. Peacock, in "Surface and Colloid Science", 
vol. 10, E. Matijevic (ed.), Plenum Press, New York, 1978. 
2. J.L. van der Minne and P.H.J. Hermanie, J. Colloid Sci. 8, 38 
(1953). 
3. D.N.L. McGown, G.D. Parfitt and E. Willis, J. Colloid Interface 
Sci. 20, 650 (1965). 
- , 
4. N. de Rooy, P.L. de Bruyn and J.Th.G. Overbeek, J. Colloid 
Interface Sci. 75, 542 (1980). 
5. F.J. Micale, Y.K. Lui and A.C. Zettlemoyer, Disc. Faraday Soc. 42, 
238 (1966). 
6. L.A. Romo, Disc. Faraday Soc. 42, 232 (1966). 
7. M.J. Vold, J. Colloid Sci. 14, 168 (1959). 
8. A.E.J. Eggleton and I.E. Puddington, Can. J. Chem. 32, 86 (1954). 
9. C.R. Bloomquist and R.S. Shutt, Ind. Eng. Chem. 32, 827 (1940). 
10. G.J. Young and J.J. Chessick, J. Colloid Sci. 13, 358 (1958). 
11 • H.E. Kruyt and F.G. van Selms, Rec. Trav. Chim. 62, 407 (1943). 
12. T.W. Healy, A. Homola, R.O. James and R.J. Hunter, Disc. Faraday 
Soc.~' 156 (1978). 
APPENDIX 
CALCULATION OF VAN DER WAALS FORCES 
FROM LIFSHITZ THEORY 
A.l THE NON-RETARDED APPROXIMATION 
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The interaction free energy per unit area G12 (L,T) as a function 
of surface separation L between two semi-infinite half-spaces of 
medium 1 across a second medium 2 is given by Lifshitz theory in a 
non-retarded approximation as [l] 
G12CL,T) J
oo 
= kT ~' 
2TI n=O o 
00 
2 -2xL -
x dx ln [ 1 - 6 1 2 e ] , (A. l) 
where 
(A. 2) 
and the prime over the summation sign indicates that then= 0 term is 
given half-weight. Heres.= s.(i~ ), the dielectric constant on the 
J J n 
imaginary frequency axis evaluated for 
~n = n[2TikT/'h] ; n=0,1,2, .... 
By a change of variables and an expansion of the log function in a 
Taylor series, equation (A.l) may be converted into the form 
= 
oo oo 6 2s 
~· ~ 12 
8 'TTL2 S 3 11 n=O s=l 
G12CL,T) kT 
By defining a Hamaker constant A12 (T) as 
(A. 3) 
(A. 4) 
- -
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CX) CX) 6 
2s 
Al 2 (T) 3kT ~· ~ 
1 2 (A.5) = --2 
n=O s=l 53 
one can express the interaction free energy as 
G
12
(L,T) = (A. 6) 
The interaction free energy in the non-retarded approximation can thus 
be calculated for any finite surface separation L, provided one knows 
the functions s
1
(i~) and s
2
(i~) over the entire frequency range 
A.2 RETARDED VAN DER WAALS FORCES · 
The relation (A.l) assumes that all correlations between 
electronic fluctuations in media 1 and 2 are instantaneous, i . e. that 
the velocity of light is infinite. This approximation is exact only 
in the limit of small surface separations; for larger values of L the 
forces are retarded, i.e. there is a loss of correlation due to the 
finite speed of electromagnetic interactions. In this case, the 
Hamaker constant becomes a Hamaker function, itself dependent on the 
surface separation and one can use equation (A.6) but with A
12
(T) 
replaced by A
12
(L,T), given by [2] 
A 12 (L,T) 
where 
3kT 
= - --
2 
CX) 
~· 
n=O 
6' = 
1 2 
612 = 
S2 
= 
r::r r p dp ln [ ( 1 - 6' 2 exp ( - ~ p / ~ ) ) 12 n s (A. 7) 
x ( 1 - 6 2 exp ( -~ p / ~ ) J , 
12 n s 
(s 1 p -s2 s)/(s 1 p +s2 s) (A.8) 
(p-s)/(p+s) (A. 9) 
P2 -1 + s1/s2 (A.10) 
and 
~s 
1:: 
= c/2Ls 2 
2 
AB previously, s. = s.(i~) with the sum over n evaluated at J J n 
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(A.11) 
frequencies given by (A.3). The required input is thus the same both 
for the non-retarded and the retarded case - the function s.(i~) for 
J 
A.3 REPRESENTATION OF THE FUNCTION S(i~) 
The dielectric constant as a function of imaginary frequencies is 
defined by extending the dielectric response function to the complex 
plane. s(i~) can then be related to the imaginary component of the 
complex dielectric constant s"(w) by a Kramers-Kronig relationship [l] 
s(i~) = 1 + 1. 
TI J
(X)~ ~ dw . 
w2 +~2 
0 
(A.12) 
Since s"(w) describes the absorption spectrum of a material, it is in 
principle possible to obtain s(i~) from the complete spectrum. 
Usually, however, s(i ~) must be constructed on the basis of incomplete 
data, which means that some convenient model must be used to reproduce 
the important characteristics of the function. 
The function s(i~ ) has the following properties: 
i) it is a monotonically decreasing function of ~ ; 
ii) at ~ = 0 it is equal to the static dielectric constant s(O); 
iii) and as ~ -+oo it must tend to unity. 
The se propertie s follow directly from ( A.12). Furthermore, in 
frequency r eg i me s whe re there is no abs orption, it is e ssentially 
cons t ant a nd only when t here is a n a bs orption do e s it decay 
monotonically down to the next value, essentially constant until a 
further absorption is encountered. 
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Looking at equation (A.l) in more detail, it can be seen that the 
value of the Hamaker constant depends on the difference [s 1 (i~) -n 
s2(i~n ) ] 2 at the discrete values of n given by (A.3). The first term 
in the sum over n is for 
~o = 0, and depends on the static dielectric 
constant. Because the next term is at s1 = 2. 4 X 10 l 4 rad/s (;.__, 1300 
cm- 1), the exact behaviour of s(i~) in the microwave region is not 
important, one needs only to know its value at O and then at 2.4 xl0 14 
rad/s. It is also readily realised that the dielectric behaviour in 
the ultraviolet region is of great importance due to the high density 
of sampling points in this regime. 
In the calculations performed here the Ninham-Parsegian 
representation of s(i~) was used [3). Hamaker constants 
(non-retarded) and Hamaker functions (retarded) were calculated for 
mica interacting across the liquids studied in this thesis. All these 
liquids, as well as mica, show one major absorption in the ultraviolet 
which means that the simple representation 
s(i~) (A.13) 
should be fairly accurate over most of the frequency range above ~ 1 • 
Here C is the oscillator strength, given by the difference in s(i~) 
UV 
before and after the ultraviolet absorption frequency w . 
UV 
Mica does, 
however, show a small relaxation in the microwave and infrared 
regions, and the polar liquids acetone and methanol show significant 
relaxation in the microwave region. This can be taken into account by 
calculating the zero-frequency terms separately, using the static 
dielectric constants and then using (A.13) for the remainder of the 
spectrum. This will only introduce a negligible error, since the 
first sampling point (n = 1) is far removed from the microwave 
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relaxations and even the infrared relaxation of mica is largely over 
by this frequency. 
Infrared relaxation can be included by using the representation 
s (i~) (A.14) 
for ~ ~ 2 .4 x 10 14 rad/ s, where CIR and wIR are the infrared 
oscillator strength and absorption frequency respectively. In this 
case CIR is equal to the difference in s(i~) before and after the 
IR-absorption frequency. 
A. 4 CALCULATIONS 
The ultraviolet absorption frequencies and oscillator strengths 
were obtained from Cauchy plots. If there is no absorption in the 
visible region, then s'(w) (the real part of the complex dielectric 
constant) is equal to s(w) = n 2 (w), the square of the refractive index 
in the visible region. From a Kramers-Kronig type relationship 
similar to (A.12) one can obtain the equation [l] 
n
2 (w) (A.15) 
which can be rearranged to 
w2 
= [ n 2 ( w) - 1] -2- + CUV . 
Wuv 
(A.16) 
A plot of n 2 ( w) - 1 against [n 2 ( w) - l]w 2 in the visible reg ion 
should hence give a straight line of intercept C and slope l/w2 • 
UV UV 
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The refractive index as a function of wavelength for the liquids was 
obtained from literature data: for mica values measured for the mica 
used in these experiments were used. For iso-octane and propylene 
carbonate no such data could be fid and these liquids have hence not 
been included. For n-octane the values of C and w were taken from 
UV UV 
Ref. 1, and for water from Ref. 18. The results of linear regression 
analysis on these data sets are given in Table A.l, together with the 
correlation coefficient and number of points as well as wavelength 
region. As can be seen, green and brown mica give distinctly 
different values, presumably due to their differing composition. The 
static dielectric constants of the liquids and of mica are also given 
in Table A.l. 
The effect of including an infrared relaxation term was 
investigated for a few of the liquids (Table A.2). Non-polar liquids 
show only insignificant relaxation in the infrared region - the 
difference between s(O) and C + 1 gives the oscillator strength of 
UV 
this relaxation in the absence of any microwave relaxation. Mica 
shows some microwave and some infrared relaxation; the values for the 
infrared relaxation were taken from Lodge [4] and Richmond and Ninham 
[5] and included throughout. Methanol shows microwave relaxation in a 
regime which does not significantly affect even the second sampling 
point ~ 1 , and for the IR-relaxation the values were taken from Ref. 13 
and 14. 
The non-retarded Hamaker constants for the mica-liquid-mica 
systems were calculated using the expression (A.5), with the sum over 
n being carried out to 5000 terms and the sum overs to 20 terms. 
Increasing this to 10000 terms for n and 50 for s caused no change in 
the quoted values. The results are listed in Table A.3, both for 
Substance 
Benzene 
Tetrachloromethane 
Cyclohexane 
OMCTS 
n-Octane 
Acetone 
Methanol 
Water 
Green mica 
Brown mica 
Table A.l 
Dielectric Data for Liquids and Mica 
c(O) 22 °c 
(interpolated) 
2.274 
2.234 
2.020 
2.390a 
1.936 
21.0 
33.2 
79.4 
5.4b 
5.4b 
a 
b 
cuv 
1.1815 
1.0848 
0.9960 
0.9211 
0.925 
0.8194 
0.7422 
0.769 
1.5388 
1.5041 
From Ref. 
From Ref. 
U\Jv (rad/s x 10-16) 
1.3372 
1.6726 
1.8272 
1.8074 
1.863 
1.8141 
1.9252 
1.906 
1.9458 
1.9354 
16, at 23 °C. 
5. 
Remaining c(O) values from Ref. 
" (nm) 
436 - 589 
313 - 546 
289 - 546 
436 - 589 
-
405 - 546 
250 - 650 
-
500 - 600 
500 - 600 
15. 
N r Ref. 
5 0.99995 7 
4 0.99994 8 
5 0.99996 8 
3 0.999998 9 
- - 1 
3 0.9999991 10 
9 0.9999998 11 
- - 18 
3 0.999998 12 
3 0.9997 12 
f--' 
°' (X) 
Substance 
Methanol 
Benzene 
Tetrachloromethane 
Mica (green and 
brown) 
Water 
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Table A. 2 
Infrared Relaxation Parameters 
C IR 
2.7 
0.093 
0 .149 
1.4 
3.43 
3.4 
1.3 
1.5 
1.27 
-
5.66 
(13), 
Notes and 
References 
average of 3 
infrared absorption 
peaks at 2950, 1350 
and 1050 cm- 1 (14) 
major absorption at 
15 µm (14) 
major absorption at 
13 µm (14) 
Ref. 4 and 5 
Ref. 18 
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Table A. 3 
Non-Retarded Hamaker Constants A12 (J x 10 20 ) at 295 K 
Liquid Brown Mica Green Mica 
Benzene 1.29 1.43 ( 1.426) 
Benzene 
(including IR) 1.43 (1.427) 
Tetrachloromethane 0.89 1.01 (1.005) 
Tetrachloromethane 
(including IR) 1.00 (1.002) 
Cyclohexane 0.95 1.07 
OMCTS 1.23 1.37 
n-Octane 1.15 1.29 
Acetone 1.72 1.88 
Methanol 2.00 2.17 (2.169) 
Methanol 
(including IR) 2.02 (2.017) 
Water 1.98 2.14 (2.143) 
Water (including IR) 1.93 (1.929) 
green and for brown mica. In a few cases the effect of including 
infrared relaxations for the liquid has been indicated. 
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To calculate the retarded Hamaker functions a computer program 
written by R.M. Pashley was used with minor modifications [6]. It was 
found to give the same result as the above program in the limit of 
zero surface separation, as expected. The results are shown in Table 
A.4 for all liquids at varying surface separations, where the ratio 
A(D,T)/A(O,T) has also been tabulated. Infrared relaxation was 
included for methanol and water only and the temperature was 295 K (22 
~C) throughout. The Hamaker function has been plotted as a function 
of distance for a few representative liquids in Fig. A.l. Water has 
been included for comparison with the other liquids. 
A.5 DISCUSSION 
As can be seen from Table A.3, the non-retarded Hamaker constants 
are similar for all the non-polar liquids and differences between them 
are often so small as to be numerically insignificant. There is no 
correlation with the refractive index, which shows that estimating the 
Hamaker constant from the refractive index difference can be very 
misleading as it takes no account of the variations in absorption 
frequencies. The effect of including an infrared relaxation leads to 
a negligible change in the Hamaker constant for benzene and for 
tetrachloromethane, and even for methanol the difference is only 7%. 
The larger Hamaker constants obtained for methanol and acetone 
are almost entirely due to increased contributions over the entire 
frequency range and not the larger zero-frequency terms, which are 
always < 10% of A12 • Even for water, the zero-frequency term is only 
12% of the Hamaker constant. 
Table A.4 
Retarded Hamaker Functions A12 (D) (J xl0 20 ) (Green Mica) at 295 K 
Liquid D (nm) 
0 1 3 5 10 
Benzene 1.43 1.33 (0.93) 1.09 (0.76) 0.89 (0.62) 0.52 (0.36) 
Tetrachloromethane 1.01 0.95 (0.94) 0.80 (0.79) 0.68 (0.67) 0.47 (0.47) 
Cyclohexane 1.07 1.02 (0.95) 0.88 (0.82) 0.77 (0.72) 0.56 (0.52) 
OMCTS 1.37 1.30 (0.95) 1.13 (0.82) 0.98 (0.72) 0.71 (0.52) 
n-Octane 1.29 1.23 (0.95) 1.07 (0.83) 0.94 (0.73) 0.70 (0.54) 
Acetone 1.88 1.80 (0.96) 1.57 (0.84) 1.38 (0.73) 1.03 (0.55) 
Methanol 2.02 1.93 (0.96) 1.70 (0.84) 1.49 (0.74) 1.11 (0.55) 
Water 1.93 1.85 (0.96) 1.63 (0.84) 1.44 (0.75) 1.09 (0.56) 
Values in brackets are the ratio A12 (D)/A 12 (0). 
20 
0.29 (0.20) 
0.29 (0.29) 
0.36 (0.34) 
0.45 (0.33) 
0.45 (0.35) 
0.67 (0.36) 
0.72 (0.36) 
0.73 (0.38) 
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Fi gure A.l: Hamaker functions A12 (D) vs surface separation D for 
green mica interacting across different liquids. T = 295 K. 
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For the three liquids that do have similar absorption frequencies 
(cyclohexane, OMCTS and acetone), there is a direct correlation with 
the refractive index, i.e. the larger the refractive index difference 
between mica and the liquid, the larger the Hamaker constant. 
Inspection of Table A.4 and Fig. A.l reveals that retardation 
effects are significant, even for separations of 5 nm. The smaller 
degree of retardation for the polar liquids is due to the larger 
(non-retarded) zero-frequency terms for these liquids. The two 
liquids that show the largest effects of retardation, benzene and 
tetrachloromethane, are the liquids which have absorption frequencies 
the most different from that of mica. 
Finally, it is worth emphasizing that the correct Hamaker 
function cannot be calculated from the position of inwards jumps in 
the force-measuring experiments. An inward jump will occur when the 
gradient of the force curve exceeds the spring constant, and if one 
uses the Hamaker function to construct a force vs. distance curve and 
then calculates the slope by taking the difference in force over some 
small distance increment, say 0.1 nm, the jump position can be 
computed. In the case of n-octane and green mica, for a spring 
constant of 100 N/m and a radius of 1 cm, this yields a jump distance 
of 6.9-7.0 nm, where the Hamaker function has a value of 0.83 xlo- 20 
J. Using the relation (3.2) to calculate the value of the Hamaker 
constant would give 0.99-1.03 x10- 20 J. This discrepancy is of course 
a consequence of the fact that the functional form of the force is not 
l/D 2 , but rather l/D 2+n, where O ~n ~l. This point has been discussed 
by i.Jhi te et al. [ 17] • 
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